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Investigations into several, often polycyclic, intermediatesare described.The
nature of these intermediates, whether electronically aromatic, delocalized,or localized;
trishomocyclopropenium or bishomo square pyramidal; radical, cation,or singlet or
triplet carbene; reflects the diversity of organic chemical reactions.
Solvolyses of exo-andendo-4-deltacyclylbrosylates and exo-5-isodeltacyclyl
brosylate had been observed to give products suggesting multiple intermediates along the
reaction pathway. The cations of these moleculeswere examined computationally, and it
was revealed that non-classical deltacyclyl cation is about 13.3 kcal/mol more stable than
classical deltacyclyl cation and 9.8 kcal/molmore stable than isodeltacyclyl cation at the
BPW9 1/6-311 +g(3df ,2p)/IBP W9 1/6-31 g(d) level.
Structural, energetic, and magnetic criteria calculations, basedon B3LYP/6-
31g(d) optimized geometries,were conducted on a series of tricyclopropenium and
bishomo square pyramidal cation and carbene intermediates. These calculations revealed
that some singlet carbene intermediatescan mirror the homoaromatic qualities of their
cation cousins.Specifically, the criteria examined revealed that trishomocyclopro-
penium singlet carbenes centered at the 8-position of tricyclo[3.2.1.02'4]octane and the 9-
position of pentacyclo[4.3 .0.02'4.03'8.05'7]nonaneare clearly homoaromatic in nature.
Redacted for privacyHowever, the trishomocyclopropenium singlet carbene centeredat the 6-position of
tricyclo[3.1.1.O2'41heptane isnot homoaromatic, while the bishomo square pyramidal
carbene also centered at the 6-position of tricyclo{3. 1.1 .02'4llheptane is homoaromatic.
Analysis of the photochiorination products froma series of fused cyclopropyl-
norbornane ring systems revealed that the ability of the bridgehead carbonto adopt a
preferred bisected geometry does not affect the rate at whicha hydrogen is abstracted
from that position.However, the orientation of the cyclopropane ring relative to the
bridgehead, and the relative stability of the formed radicals does correlate with therate at
which a hydrogen is abstracted from the bridgehead. In addition,a hydrogen atom at the
anti-C8 position of endo-tricyclo[3.2.1.02'4]octanewas revealed to be abstracted about
15.5 times more often than a hydrogen atomat the C7-position of norbomane.
Formation of a radical cation-radical anion exciplex intermediate in the photolysis
of N,N-dimethylaniline in thepresence of ortho-dichlorobenzene was confirmed by
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CHAPTER 1
INTRODUCTION2
Intermediates in organic chemistryare vital to many reaction mechanisms, and
therefore vital to organic chemistryas a whole. Due to their transient nature, a study of
organic intermediates can be difficult. Most physicalorganic methods analyze possible
intermediates through kineticor thermodynamic studies; but these methods are indirect
and can only insinuate as to thepresence or lack of an intermediate. As a result, one of
the best ways to model intermediates inorganic chemistry is through the use of
computers and computational chemistry. Not onlycan computations directly search for
geometrically stable structures for possible intermediates,computations also allow for the
comparison of the relative stability of differentintermediates, as well as probe the limits
of the molecular idiosyncrasies neededto achieve stabilization.In the remainder of this
thesis, experiment and computationare combined to analyze various organic chemistry
intermediates (radical, cation, and carbene).The results shed light on the limits of
conjugation and the geometricstructures necessary to accommodate conjugation in
organic intermediates.CHAPTER 2
8-DELTACYCLYL CATION AND 7-ISODELTACYCLYL CATION:
A COMPUTATIONAL STUDY
Jelena E. Dacres and Peter K. Freeman
Department of Chemistry, Oregon State University, Corvallis, OR 973314
ABSTRACT
Previously studied by Freeman and coworkerswas the acetolysis ofendo-and
exo-8-deltacyclyl brosylate and 7-isodeltacyclyl brosylate.With the aid of deuterium
labels, Freeman et al. proposed delocalized cationicintermediates and multiple step
mechanisms to explain the products produced. Computationalanalysis of the nature and
structure of these intermediates has been performed using the B3LYP/6-3 1 1+g(3df,2p)//
B3LYP/6-3 1 g(d) and BPW9 1/6-311 +g(3df,2p)//BPW9 1/6-31g(d) methods.5
INTRODUCTION AND BACKGROUND
In 1949 Winstejn and Trifan starteda controversy that would last for the next
half-century when they published the results ofthe solvolysis of exo- andendo-2-
norbornyl brosylates(1,X=OBs)."2Winsteins data showed that exo-2-norbornyl
brosylate solvolyzes 350 times faster thanitsendo-counterpart;both compounds
solvolyze to give exclusively exo-product.Furthermore, when examining the rates of
racemization, it was discovered that the polarimetricrate and the acetolysis rate were
essentially the same for optically active endo-2-norbornylbrosylate(endo-1-OBs),but
that optically active exo-2-norbornyl brosylate(exo-1-OBs)had a potarimetric rate that
was 4.6 times faster than its acetolysis rate.
7N4
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Figure 2.1 Norbornane and its classical and
non-classical cations
Winstein proposed that the C1-C6 bond provides back-sideanchimeric assistance
for the solvolysis of exo-2-norbornylbrosylate.This neighboring group participation
leads directly to a non-classical cationintermediate,2.1However, in the case of the
solvolysis ofendo-1-OBs,anchimeric assistance from the C1-C6 bond would be from the
front side and, consequently, provide lessoverall stabilization in the transition state than
inexo-1-OBs.Therefore, the solvolysis of endo-2-norbornyl brosylate would firstproduce localized (classical) 2-norbornyl cation 31 which couldthen rearrange to form
the same non-classical cation 2 formed immediately in thesolvolysis reaction of exo-2-
norbornyl brosylate.In addition, Winstein theorized thata symmetrical tight ion pair
intermediate that could undergo internalreturn before product formation rather than a
pair of rapidly equilibrating classical cationswas the best explanation for the polarimetric
rate observed in the solvolysis ofexo-1-OBs.2
H. C. Brown, who headed the other side of thecontroversy, gave a different
interpretation of Winstein'sdata.2'3Brown observed that in tertiary norbornyl systems,
such as those with 2-methyl and 2-anisyl substituents, theC1-C6 bond would be less able
to offer anchimeric assistance to the 2-position dueto the presence of the additional
substituent. In addition, because of the greater stability oftertiary cations over secondary
cations in general, the tertiary systems would normallyhave been expected to possess
relatively similarexolendorate ratios. However, that was not the case. The 2-methyl and
2-anisyl substituted norbornyl systems also displayedfaster solvolysis rates for exo-2-
substituted norbornanes than forendo-2-norbornanes.2Therefore, Brown argued that the
exo/endosolvolysis rate difference in the 2-norbornylsystems was a matter of steric
hindrance.In endo-substituted 2-norbornylsystems, the leaving group would be
sterically hindered by theendo-C-6hydrogen. Consequently, the rates of solvolysis in
theendo-substituted2-norbornyl systems would beinhibited?, while the rates of
solvolysis in the exo-substituted 2-norbornylsystems would be considered "normal"
because they suffered no steric hindrance.
Unfortunately for Brown, later studies involving thesolvolysis rates of various
secondary substrates in non-nucleophilic solvents revealedthat the solvolysis rates of7
endo-2-substituted norbornyl substrateswere actually quite"normal".2In addition, the
rates of solvolysis of exo-2-substituted norbornyl substrates turnedout to be quite
exceptional. The non-classical structure (2) for 2-norbornylcation was later confirmed
by 1IMI confirming Winstein's mechanism.
Several similar ring systems have been used in analogousstudies to analyze the
range, applications, and validity of long range anchimeric assistance incarbocations.4
One suchsystemstudiedby Freeman and coworkerswasthedeltacyclane
(tetracyclof4.3.O.02'4.03'7jnonane)ring system, 4, Figure 2.2.An interesting feature
about the deltacyclane ring system is that it contains both thenorbornane (carbons 1, 2, 3,
7, 8, 9, and 6) and the nortricyclene (carbons 1, 2, 4, 3,7, 6, and 5) skeletons.In
4
4 x 6 7
Figure 2.2: Deltacyclane, isodeltacyclane, non-classicaldeltacyclyl
cation, and classical deltacyclyl cation
addition, skeletal rearrangements from solvolysis of 8-substituteddeltacyclanes were
predicted to give primarily rearranged deltacyclanesor isodeltacyclanes, 5.Indeed,
acetolysis of exo- and endo-4-C1, deamination ofexo- and endo-4-NH2, and acetolysis of
exo- and endo-4-OBs gave primarily a single product, exo-4-OAc;no endo-substituted
products were found.Interestingly, the solvolysis rate of exo-4-OBswas enhanced by
iOwhile the rate of solvolysis of endo-4-OBswas only enhanced by In addition,EI
the solvolyses of optically activeexo- and endo-4-OBs were analyzed for loss of optical
activity.Thus, it was revealed that endo-4-OBs lost57%of its optical activity, while
exo-4-OBs retained 99% of its optical activity.To reveal any skeletal rearrangements,
exo- and endo-4-OBs were independently labeled with deutenumat the 8 (labeledin
Figure 2.3) and 9 (labeled b in Figure 2.3) positionsin separate experiments. When
labeled at the 8-position, products from acetolysisof endo-4-OBs exhibited a distribution
of deuterium over positions 4 and 8;while endo-4-OBs deuterium labeled at carbon 9
gave scrambling of deuterium over carbons5and 9.Both retained about55-60%
deuterium marker at the original labeledposition. Solvolysis of 8 and 9-deuteratedexo-
4-OBs gave the same positional scramblingbut the distribution was 50-50 in both cases.
Similar to Winstein's work with exo-norbornyl brosylate,Freeman et al proposed
that direct formation ofa symmetrical delocalized intermediate, 6, would best explain the
experimental observations for the solvolysis of exo-4-OBs.The proposed delocalized
cation, formed through back side anchimericassistance of the C3-C4 bond, would give
the same enantiomer if attackedat either partially charged carbon and, therefore, retain its
optical activity during the solvolysis reaction.In addition, a symmetric intermediate
would be expected to displaya50-50relationship if attacked at either partially charged
carbon as was observed in the50-50deuterium scrambling ratios (Figure 2.3). Finally,a
single delocalized intermediate would be oflower energy than two rapidly equilibrating
classical intermediates and would best explainthe rate of solvolysis. The assignment of
the symmetric delocalized intermediate6 (Figure 2.2) was supported by Freeman and
coworkers by the proton NMR of solutionsof exo and endo-4-OH in a fluorosulfonic
acid-sulfur dioxide solvent
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Figure 2.3: Acetolysis scheme proposed by Freeman etal.5forexo-4-OBsandendo-4-OBs.10
On the other hand, because the solvolysisof endo-4-OBs displays a57%loss of
optical activity it cannot be proceeding throughan analogous reaction pathway as exo-4-
OBs. Therefore, Freeman et al suggested thatupon solvolysis endo-4-OBs, in which the
forming orbital at the 8 position is ill lined-upfor delocalization with the C3-C4 bond,
must first form localized cation 7.This localized intermediate couldgo directly to
products, rearrange to form non-classicalcation 6, or undergo isomerization to form its
enantiomer.Clearly, all of localized cation 7 cannotrearrange to form cation 6.In
accordance with loss of optical activity,a maximum of 43% of 7 rearranges to form 6,
leaving57%of cation 7 to racemize. Racemization viaa 1, 2-hydride shift would seem
to be the simplest explanation. However,a hydride shift from C9 to C8 does not agree
with the positional deuterium scrambling.Therefore, Freeman et al postulated that the
racemization of classical cation 7 might compriseof a series of alkyl shifts, possibly
those in Figure 2.4. This scheme includesa series of isodeltacyclyl cations in order to
accomplish the required bond shifts. To examinethe feasibility of isodeltacyclyl cations
as intermediates, Freeman and coworkers synthesized deuteratedand non-deuterated
isodeltacyclanes 5.
Acetolysis of exo-5-OBs and exo-Sb-OBs(di-deuterated atC5)gave products
exo-4-OAc and exo-5-OAc ina 96.7:3.3 ratio, Figure 2.5.There was no deuterium
scrambling in formed exo-5-OAc withthe entire deuterium label retained at CS.
However, in formed exo-4-OAc thedeuterium labeled was scrambled between the C9
and CS in a 1:1.8 ratio. Freemanet al considered cations 8-11, Figure 2.5, as structures
for possible intermediates. Consideringthe greater deuterium labeling at theC5position
in exo-4-OAc, Freeman proposed thatthe formation of isodeltacyclyl cation 8 with11
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Figure 2.4: Enantiomerizatjon pathwayfor classical deltacyclyl cation 7
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Figure 2.5: Possible intermediates for the acetolysis of exo-5b-OBs
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leakage to deltacyclyl cation 6 best explained theexperimental results. The existence of
cation 11 could not be ruled out since the deuteriumlabel at C5 would not be informative
in the case of a Wagner-Meerwein shift of C5between C6 and C7.
Freeman's work on deltacyclyl cations and isodeltacyclylcations leaves some
interesting questions that might be answered withab initioor density functional
calculations. What is the lowestenergy structure for the deltacyclyl cation? Does the
localized deltacyclyl cation exist,or is it a transition state? What, if any, delocalization
exists in the isodeltacyclyl cation? In the solvolysisof 7-isodeltacyclyl brosylate, would
a Wagner-Meerwein shift of C5 between C6 and C7 be feasible,or is the shift of C3
between C8 and C7 more stabilizing? Answersto these questions and more are what
drive this chapter.
COMPUTATIONAL METHODS
To accurately describe possible delocalizationin the 8-cations of deltacyclane and
the 7-cation of isodeltacyclane, computationalmethods that included electron correlation
wereemployed.7The hybrid density functional andpure density functional techniques
pressed into service in this studywere the B3LYP and BPW9 1 methods as implemented
in the Gaussian98program.8Geometries were initially optimized using the STO-3G
basis set, then the 3-21g, and finally the 6-31g(d)basis set; all structures were originally
minimized using the B3LYP method wherepossible.9Final optimizations were
conducted with the BPW9I density functionalmethod and 6-31g(d) basisset.10Final14
energies were calculated at theBPW91/6-311+g(3df,2p)//BPW91/6-31g(d)or B3LYP/6-
311 +g(3df,2p)//B3LYP/6-3 1 g(d) level.
Although different startingstructures were used in an attempt to isolate the
classical 8-deltacyclyl cation, all8-deltacyclyl cation structures minimizedto give a
delocalized structure,even at the B3LYP/STO-3G level.Similarly, a geometry
optimized structure of 7-isodeltacyclylcation could only be isolated at the B3LYP/STO-
3G and B3LYP/3-21g levels;optimization using the B3LYP method attempted with
larger basis sets yielded only thedelocalized deltacyclyl cation.The best model
geometry for the 7-isodeltacyclyl cation usingthe B3LYP/6-31g(d) methodwas obtained
from the geometry of the correspondingradical with minor adjustment made by handto
obtain a structure withno imaginary frequencies. Finally, the BPW91/6-31g(d) method
produced a minimum structure for the7-isodeltacyclyl cation. However, the BPW9 1/6-
31g(d) method was unableto locate the classical 8-deltacyclyl cation andproduced only
delocalized deltacyclyl cation 6.Therefore, model geometries for the classical 8-
deltacyclylcation were obtained by calculatingthe minimum structurefor the
corresponding radical using both theB3LYP/6-31g(d) and BPW91/6-31g(d) methods.
These structures proved to haveno imaginary frequencies when single point calculations
were performed with a charge and multiplicity ofone; it can be inferred from the lack of
negative frequencies that the classicaldeltacyclyl cation isat least a local energy
minimum.15
Table 2.1: Calculated and experimentallH.4Jashifts for non-classical
deltacyclyl cation 6.
Hydrogen onB3LYP/6-31 1+G(2d,p)f/RHF/6-311+G(2d,p)//Experimentaib B3LYP/6-31G(d) B3LYP/6-31G(d) Carbon:
() () ()
1 2.71 2.47 1.77
2 4.48 4.34 2.92
3 -0.43 -1.04 2.17
4 5.77 5.54 5.17
5.endo 3.30 3.05 2.50
5-exo 2.69 2.47 1.77
6 2.71 2.48 1.77
7 4.48 4.34 2.92
8 5.77 5.55 5.17
9-endo 3.30 3.05 2.50
9-exo 2.69 2.48 1.77
GIAO method3ref. 12
RESULTS AND DISCUSSIONS
A gratifying result from the calculations is theconfirmation of the non-classical
structure for the deltacyclyl cation, 6, proposed byFreeman and coworkers, Figure 2.6.
Proton NMR calculations of 6were completed at the B3LYP/6-311+g(2d,p)//B3LYP/6-
31g(d) and RHF/6-311+g(2d,p)//B3LYP/6-31g(d)leveL'1The results, as shown in Table
2.1, are in fair agreement withexperiment'2with a standard deviation of 1.11and 1.25
for the B3LYP and RHE calculationsrespectively. Both methods show difficulty in
accurately calculating the NMR shift for theproton on pentavalent carbon 3, but do
indicate the C2 symmetry. Thegreatest down field shift for the equivalent protons at C4
and C8 is in agreement with thestructural representation of 6.The second greatest2.5.
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Figure 2.6: Geometry optimized structures for 4-7 and 12 at the BPW91/6-31g(d) level
(in parentheses are the B3LYP/6-3 lg(d) geometries for 4-7 and the B3LYP/3-21g
geometry for 12).17
down field shift belongs to the equivalentprotons at C2 and C7. Consistent with this, the
structure of 6 clearly shows long delocalized bonds between carbons 3and 8 as well as
carbons 3 and 4. Both the B3LYP/6-31g(d) andthe BPW91/6-31g(d) structures reveal
carbon-carbon distances for C3-C8 and C3-C4 thatare approximately 1.73Aand give the
intermediate essentiallyC2symmetry.Interestingly, the calculated geometry for
deltacyclyl cation 6 shows onlya small amount of norbomonium ion delocalization
involving the bond opposite the original cation site (theC7-C3 bond is 1.576A).The
equivalent bond (the C6-Cl bond) in 2-norbornylcation is 1.863Aat the BPW91/6-
31g(d) level and 1.891Aat the B3LYP/6-31g(d); these results compare favorably with
the MP2/6-31g(d) Cl-C6 bond distance of 1.829Areported by Schleyer. All methods
give the 2-norbomyl cation a Cs symmetry, Figure 2.7.15
As mentioned above, part of the difficulty in isolatingthe classical deltacyclyl
cation and the isodeltacyclyl cation computationallystemmed from the fact that all the
cations calculated tended to optimizeto the non-classical deltacyclyl cation.Many
manipulations of Gaussian calculations, including restrictedoptimizations, reduced step-
size, and reading in force constants,were attempted in hopes of isolating the higher
energy cations at the B3LYPI6-31g(d) level, but tono avail.However, a geometry
optimized structure for the isodeltacyclyl cationwas found using the BPW9I/6-31g(d)
method (Figure2.6).Despite the success of finding the isodeltacyclylcation,
calculations at the same level on the classicaldeltacyclyl cation optimized to give the
non-classical deltacyclyl cation. Therefore, in thecase of classical deltacyclyl cation, a
model calculation was analyzed using vertical ionizationfrom the optimized structure of
the corresponding radical (Figure 2.6).'18
I 552(1.
2518(2513)
norbornane 1
548)
863 (1.81
non-classical 2-norbornyl cation 2
Figure 2.7: Geometry optimizedstructures for 1 and 2 at the BPW91/6-31g(d) level
(B3LYP/6-31g(d) geometries in parentheses)19
The BPW91/6-31g(d) geometry optimizedstructures reveal that the C3-C8 and
C5-C6 are 0.054Aand 0.088Alonger in sodeltacyclyl cation than in isodeltacyclane.
The lengthening of each bondsuggests a Wamer-Meerwein delocalization in preparation
for a 1, 2-carbon shift. The minimumenergy ;tructure for isodeltacyclyl cation, 12, does
not correspond to any single intermediate proposedpreviously by Freeman et a15c but
rather to a combination of possibleintermediatcs 8 and 11.The model geometry for
classical dehacyclyl cation 7 it quitesimilar to that for deltacyclane, since it is derived
from the radical geometry.
+
S®
cation(i) a!kane(i) alkane(f)
S®
cation(f)
2.1
Isodesmic equations, like that illustratedin Equation 2.1, were employed to
compare the stabilization energies (AEat the BPW91/6-311+G(3df,2p)//BPW9I/6-
31G(d) level) of cations 6, 7, and 12with the known stabilizea cation, 2-norbornyl cation
Table 2.2 (AE's using theB3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) methodare listed
in Table 2.3).It is readily apparent that non-classicaldeltacycivi cation 6, being even
lower in energy than 2-norbornylcation (AE=5.02 kcal/mol), is thlowest energy cation
in this study. Isodeltacyclyl cation12 is a distant second (zXE=-4.8 I kcal/mol), followed
closely by classical deltacyclyl cation7 (iE=-8.28 kcal/mol).Both 12 and 7 are of
higher energy than 2-norbornylcation such that the isodesmic reaction favors the right
side.Notably, non-classical cation 6 is 13.3kcal/mol more stable than classical cationTable 2.2: Energies and isodesmic reaction energiesafor cations 6, 7, and 12 using the
BPW9 1/6-311 +g(3df,2p)//BPW9 1/6-31 g(d)b method(BPW9 1/6-31 g(d)/IBPW9 1/6-
31g(d) method in parentheses).
Isodesmic Reactions
Cation(1)
E +ZPE(a.u.)
Hydrocarbon(1)
E +ZPE(a.u.)
Cation(0
E +ZPE(a.u.)
Hydrocarbon(0
E +ZPE(a.u.)(kcallmol)
deltacyclyl cation 6-349.141974 -273.83065 1 -272.945829 -350.0188 5.0176
(-349.0437) (-273.7456) (-272.8653) (-349.9134) (6.6252)
classical deltacyclyl
cation 7 -349.12079 1 -273.83065 1-272.945829 -350.0188 -8.2750
(-349.0221) (-273.7456) (-272.8653) (-349.9134) (-6.8763)
isodeltacyclyl cation
-349.113431 -273.830651 -272.945829-350.005916 -4.8086 12
(-349.0140) (-273.7456) (-272.8653) (-349.9008) (-4.1114)
a=((E11+ ZPE)(fl +(Ec+ZPE)(0 (EH+ ZPE)(I)(Ec+ZPE)()) *627.5095
bz\E for BPW9I/6-31 1+g(3df,2p)//BPW9I/6-31g(d) includethe energies at the
BPW91/6-31 1+g(3df,2p)//BPW91/6-31g(d) level pluszero point energies at the
BPW9 1/6-3 1+g(d)//BPW9 1/6-31 g(d) level.
Table 2.3: Energies and isodesmic reaction energiesafor cation 6, and modelsb for
cations 7 and 12 using the B3LYP/6311+g(3df,2p)//B3LYP/631g(d)cmethod
(B3LYP/6-3 1 g(d)//B3LYP/6-3 1 g(d) inparentheses).
Isodesmic Reactions
Cation(1)
E +ZPE(a.u.)
Hydrocarbon(I)
E +ZPE(a.u.)
Cation(
E +ZPE(a.u.)
Hydrocarbon(
E +ZPE(a.u.)(kcal/mol)
deltacyclyl cation 6-349.1789055-273.88 19655-272.984598 -350.06611 6.3774
(-349.0774) (-273.7940) (-272.9008) (-349.9576) (8.1096)
classical deltacyclyl
cation 7 -349. 15795 -273.8819655-272.984598 -350.06611 -6.7724
(-349.0560) (-273.7940) (-272.9008) (-349.9576)(-5.2884)
isodeltacyclyl cation
-349.13386 -273.8819655-272.984598 -350.0529 -13.5733 12
(-349.0338) (-273.7940) (-272.9008) (-349.9448)(-11.1524)
a
= ((EH + ZPE)(0 +(Ec+ZPE) (EH+ ZPE)(I)(Ec+ZPE)(I)) *627.5095
b
energies for cations 7and 12 are vertical ionizationenergies from the corresponding radicals
CE for B3LYP/6-31 1+g(3df,2p)//B3LYP /6-31g(d)include the energies at the
B3LYP/6-31 1+g(3df,2p)/JB3LYP/6-31g(d) level pluszero point energies at the
B3LYP/6-3 1+g(d)/JB3LYP/6-3 lg(d) level.21
715These energies of stabilization when combinedwith the experimental data create an
intriguing image of the solvolyses ofexo-andendo-4-OBsandexo-5-OBs.
Unlike the solvolyses ofexo-andendo-1-OBs,where both compounds are
completely racernized, the solvolyses ofexo-andendo-4-OBsgive different racemization
ratios and different ratios of deutenum scrambling.Therefore, the idiosyncrasies in
solvolysis rates forexo-andendo-4-OBscannot be from transition structures that lead to
the same intermediate,as was recently reported by Schleyer and coworkers for the 2-
substituted norbornylsystems.'4Instead, the solvolyses ofexo-andendo-4-OBsmust
initially produce two different cations.Considering that the solvolysis ofexo-4-OBs is
102times faster than the solvolysis ofendo-4-OBsand that the C3-C4 bond of 4 is in an
excellent position to provide back side anchimericassistance toexo-4-OBs, exo-4-OBs
must proceed directly to cation 6, Figure 2.8, which then givesa 50-50 deuterium
scrambling ratio.
A segue into the solvolysis ofexo-5-OBsreveals that non-classical deltacyclyl
cation 6 also lies along this reaction pathway. First,the products from the solvolysis of
exo-5-OBsdisplay similar deuterium scramblingas that seen in the solvolysis ofexo-4-
OBs. Second, the calculatedstructure for isodeltacyclyl cation 12 reveals a long bond
(1.614A)between carbons 3 and 8. A Wagner-Meerwein shiftof C3 from C8 to C7
would give a cation witha deltacyclyl structure.If this1,2-carbon shift were
accompanied by anchimenc stabilization from theC3-C4 bond, then non-classical
deltacyclyl cation 6 would be formed. A classicalisodeltacyclyl cation formed directly
upon solvolation ofexo-5-OBscannot be ruled out since 3.3% ofexo-5-OAcwas
formed. If this classical ion is formed then themajority of it proceeds to 12, Figure 2.9.OAc
50%
Product 1
a
6 50%
exo-4-OBs
III?IIIZ
Product 2
Figure 2.8: Acetolysis scheme for exo-8-deltacyclyl brosylateBsO
D2 D-,
exo-5-OBs
A OAc
Product 1 D2 12
AcO
4A
D212'
Products
D26 D-,6'
Figure 2.9: Acetolysis scheme for exo-7-isodeltacycyl brosylate
AcO\L
Product 1'
Products24
Because cation 6 gives 50-50 deuteriumscrambling ratio, and the products from the
solvolysis of exo-5-OBs displaya 62.1% retained to 34.5% relocated deuterium label,
there must be a competition between directattack of HOAc/OAc on 12 (pathway A,
Figure 2.9) and rearrangement of 12to deltacyclyl cation 6 (pathway B, Figure 2.9).
Analysis of the products reveals thatrearrangement of 12 to 6 is favored 2.5 times over
direct attack of HOAc/OAc ionon 12.
Returning to the endo-vs. exo-4-OBs problem, endo-4-OBs most likely forms
classical cation 7 first because the solvolysisof endo-4-OBs rate is102times slower
than its exo- counterpart and thereare no bonds in good position to provide stabilizing
anchimeric assistance during solvation. Once formed,there are three main pathways for
cation 7 to follow: go directlyto product, form non-classical cation 6, or undergoa
cyclopropylethyl to cyciporopylethyl shiftto form isodeltacyclyl cation 12.Product
analysis revealsthat 7 takesallthree pathways.Of the paths available, only
rearrangement of classical deltacyclyl cation 7to isodeltacyclyl cation 12 allows for
racemization. One might expect thata norbornyl type 1, 2-carbon shift of C3 in classical
deltacyclyl cation 7 from C7 to C8 would bethe simplest route from 7 to 12. However,
this Wagner-Meerwein shift and 1212' would move a deuterium originally labeled at
C8 to Cl, which was not observed. Conversely,if C3 were shifted from C2 to C8, then a
deuterium originally labeled at C8, would bemoved to C4 which was observed.As
revealed by the calculated structure for 12,a Wagner-Meerwein shift of C5 from C6 to
C7 is a very facile reaction and would producethe enantiomer of 12.25
According to the loss of optical activity in thesolvolysis of endo-4-OBs, 57% of
7 follows the path through 12(12'), Figure2.10. Using the above observation that 12 will
rearrange to form 6 2.5 times more than 12 will be directly attackedby HOAc/OAc the
57% of 7 that rearranges to 12(12'), worksout to react 40.7% through pathways B and
B', and 16.3% through pathways A and A',Figure 2.10. The remaining 43% of 7 follows
pathway C 36.3% of the time and directlyrearranges to form non-classical cation 6,
pathway D, only 6.7% of the time. The Cdivision is 26.3/16.7 if the 55% figure for the
retention of label at the original position in endo-4-OBsis used. These concomitant steps
account for the loss of optical activity, the greater deuteriumlabel retained at its original
position, and the slower rate of solvolysis for endo-4-OBs.
CONCLUSIONS
The lowest energy structure for the8-cation of deltacyclane is best describedas
cation 6. The non-classical nature ofcation 6 presents charge detocalization throughone
of the bonds in a cyclopropane ring andvery long bonds (1.73A)between carbon 3 and
carbons 4 and 8.On the other hand, both endo-4-OBs andexo-5-OBs first form
relatively localized cationsupon acetolysis, subsequently creating cations 7 and 12
respectively. Although intuition predictsthat classical deltacyclyl cation 7 would readily
delocalize to form non-classical deltacyclylcation 6, this turns out not to be thecase.
Although some of 7 doesrearrange to form 6, a larger portion of 7 will rearrange to form
cation 12. Isodeltacyclyl cation 12, however,will rearrange to form 6 71.4% of the time.26
b
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Figure 2.10: Acetolysis scheme forendo-8-deltacyclylbrosylate27
It is clear that the stability of non-classicalcation 6 allows it to be an intermediate on the
reaction pathway for the solvolyses ofexo-andendo-4-OBs,andexo-5-OBs.
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A STUDY INTO THE POSSIBLE HOMOAROMATIC NATURE
OF RELATED CARBENE AND CATIONIC INTERMEDIATES
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DepartmentofChemistry, Oregon State University, Corvallis, OR 9733131
ABSTRA CT
A comparison of the aromatic nature of the cations and carbenes centeredat the 8-
position of tricyclo{3 .2.1 .02'4}octane; the 9-position of pentacyclo[4.3 .O.024.038.057]
nonane:the6-positionoftricyclo[3.1.1.02'4]heptane;andthe4-positionof
tetracyclo [3.3.0 .028.036]octane has been undertaken.Hybrid density functional theory
calculations have been used to examine the geometric, energetic, and magnetic
characteristics of each cation, singlet carbene, and triplet carbene. The results shed light
on the flexibility of the polycycles to achieve stable intermediates and the breadth of
homoaromaticity.32
INTRODUCTION
Direct conjugation in organic molecules involves the interactionof molecular
orbitals on adjacent atomic centersto increase the energetic stability. Classically this can
be represented by straight chain polyalkenesor cyclic compounds such as benzene,
Figure 3. la, in which unsaturated units (generallysp orsp2hybridized carbons in organic
molecules) are linked in a direct linearor cyclic chain. Compounds that display a special
stabilization associated with the cyclic delocalization of (4ii+2)electrons are considered
to be aromatic.In 1948, Winstein introduced the concept of "homoconjugation" in
which molecular orbitals interact throughspace.1In homoconjugated and homoaromatic
organic compounds one or more saturated carbon(sp3hybridized) lays in between the
unsaturated carbons whose molecular orbitalsare interacting, Figure 3.lb.
Id
a. Classical conjugation invloves interaction
of molecular orbitals on adjacent atomic centers
cIIIIIi
b. Homoconjugation invioves interaction of
molecular orbitals that are not directly adjacent
to each other.
Figure 3.1. Classical and homoconjugation, wherethe dotted lines represent orbital
interaction33
Direct identification of homoaromatic compunds, analogousto identification of
aromatic compounds, can be difficult. A classic metod involvesmeasuring the heat of
hydrogenation of the molecule in question and comparingit with that of a non-
delocalized model. If the heat of hydrogenation of the hcmoaromaticin question is much
less than its reference molecule, then direct evidence ofthe 'special stabilization" is
obtained. However, results attained through thisprocess can be questionable since the
non-conjugated reference moleculesare hypothetical. Therefore calculations of the heat
of hydrogenation for reference moleculescan beinaccurate.2
Another method of detecting homoaromaticity entailsobtaining an X-ray
crystallograph of crystals of the homoaromatic compoundat issue.3This method
reveals bond lengths and angles whichare valuable indicators of geometric stabilization
acquired from aromaticity.However, the questions of bond di3tance limits and the
degree of bond equalizationnecessary for homoaromaticity are still riot resolved.In
addition, if the molecule rapidly equilibrates between differentstructures. then an X-ray
crystallograph can be unrevealingormisleading.3cAlso, this method is limited to
molecules that can be isolatedascrystals;since many proposec.i homoaromatic
compounds are reactive intermediates, X-ray crystallographyhas limitedpplicability in
revealing homoaromaticity in these instances.
Finally, homoaromaticity can be revealed through magneticproperties.It has
been observed that aromatic compounds display uniquecharacteristics in the NMR.ia4
This behavior has been explained interms of an induced "ring current".4In an NMR
analysis when an external magnetic field is appliedto an aromatic compound the
electrons in the cyclic delocalizing ring will beginto circulate in a plane perpendicular to34
the applied field and induce a field whichopposes the external field. The result is that
atoms on the outside of the ring current 'see"a greater magnet field than has been
applied. Thus aromatic atomsare deshielded and can be found further downfield in an
NMR spectrum than mere olefinicatoms, Figure3.2.Conversely, atoms on the inside of
UHO
Fill
p.-.
Figure 3.2. Magnetic field H' is induced by n-electroncurrent upon application of
external magnetic field H0. Hydrogen Ha experiences magneticfield H0-H', while
hydrogen Hb experiencesH0+H'.5
the ring current or above itare shielded, "seeing" a smaller magnetic field than was
applied and appear more upfield in the NMRspectrum than would otherwise have been
predicted.In addition to changes in chemical shifts, such magnetic propertiesas
diamagnetic anisotropy and diamagnetic susceptibilityexaltation can be related to
iomoaromaticity.5
Current methods ofab initioand hybrid density functional theory calculations can
be used to examine the possibility of homoaromaticitywith a good degree of accuracy.
Pra:ash and coworkers used HF andMP2methods to examine the possibility of
longcyclic interactions (in thiscase a 4rt-electron (polycyclo)aromatic system) in35
S.
Figure 3.3 Possible homoaromatic species
from literature.
sandwiched bishomoaromatic dication 1, Figure33,6Having previously obtained a
NMR of dication 1, which providedno evidence for longicyclic interactions, Prakash
usedab initiocalculations in concert with isodesmic reactions to confirm that 1 preferred
isolated bishomoaromatic systems toan interacting system.In a study by Freeman and
Pugh, homoaromatic properties of carbeneintermediates 2, 3, and 4 were explored using
hybrid density functional theory methodology (B3LYP/6-31 1+g(3df,2p)I/B3LYPI6-
31g(d)).7In addition, Freeman and Pugh used the B3LYP/6-311-i-g(3df,2p)/IB3LYP/6-
31g(d) method to analyze homoaromaticityor antihomoaromaticity in the cation, singlet
carbene, and anion at the 2-position ofbicyclo{3.2.1]octadiene,57Both MØller-Plesset
perturbation theory (MPx) energies, when combinedMPx or Hartree Fock (HF)
geometries, and Becke's 3-parameter exchange functionalcombined with Lee, Yang, and
Parr's correlation functional energies providereliable results to questions involving
homoaromaticity.36
This chapter compares the degree of homoaromaticityin neutral carbene and
cationic intermediates for species centeredat the 8-position of tricyclo[3.2.1.02'4]octane
6;the9-positionofpentacyclo[4.3.O.02'4.03'8.05'7]nonane7;the6-positionof
tricyclo[3.1.1.02'4}heptane 8; and the4-position of tetracyclo[3.3.O.02'8.03'6}octane 9. The
B3LYP/6-31g(d) method, as implemented in theGaussian 98 suite of programs,8 is
employed for geometric analysis of structuralanomalies indicative of homoaromaticity.
TheB3LYP/6-31g(d)geometries paired with the B3LYP/6-311+g(2d,p) and B3LYP/6-
31+g(3df,2p) calculationsare used to examine magnetic and energetic properties
respective! y.
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Figure 3.4 Polycyclic compounds analyzed for
homoaromaticity.37
BACKGROUND
Early proposals for homoaromaticintermediates were born from observations of
rapid solvolyses involving carbocationintermediates,9the original being the solvolysis of
OTs
10
k
1OC
3.1
cis-3-bicyclo[3.1.O}hexyl tosylate 10 by Winsteinin1959.To explain the rapid
solvolysis of 10, Winstein proposedcontroversial trishomoaromatic cation 1OC in which
a cyclopropane bond and the empty orbital at C3 forma 3-center, 2-electron aromatic
system, Equation 3.1.It would be another 14 years before the existenceof stable ion
intermediate 1OC would be confirmed with 13CNMR by Masamune and coworkers.'°
The ethano-bridged derivative ofcation 1OC is 6C-P.In 1972, Freeman and
coworkers reported that this ion couldbe formed in superacid media from either 8-
H
j6®
4'
/S
, 2 l,_
/lI
6 8
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7
7C-P 8C-B 9C-P 9C-B
Figure 3.5 Trishomocyclopropenium andbishomo square pyramidal cations
7C-P, 8C-B, 9C-P, and 9C-B.38
chlorotricyclo{3 .2.1 .02'4]octaneor endo-2-chlorotricyclo[3 .3 .0.04'6]octane.'1In 1974,
Masamune isolated cation 6C-P at 1200 with SbF5-SO2C1Fand reported its 'CNMR'2
The Coatest cation 7C-P, Figure 3.5,was first proposed by Coates and
Kirkpatrick in 1970 to explain the solvolysisrate of 7b (X = para-nitrobenzoate) being
1010to1012times faster than corresponding 7-norbornylderivatives.'3The proposal was
supported by deuterium labeled experiments. When7b was deuterium labeled at the 9-
position, the deuterium after solvolysiswas evenly scrambled between carbons 9, 2, and
3.Similarly, when 7b was deuterium labeledat the 4-position, the deuterium after
solvolysis was scrambled between the 4, 1, and8 locations.These observations are
consistent with trishomocyclopropenium cation 7C-P.Despite the fact that these data are
indicative of homoaromaticity, alone itis not conclusive.In current methodology,
observation or calculation of magnetic properties anddetermination of enhanced stability
are used to augment kinetic studies.Fortunately for Coates, he was able to directly
observe 7C-P in a super-acid solution by NMRinf97514Adding to Coates NMR data
is the work of Saunders and Kates in whichdeuterium NMR revealed that cation 7C-P
exists as a single static structure and isnot rapidly equilibrating between symmetric
equivalentforms.'5Because of the quantity of datanow present for cation 7C-P, it is
considered to be a "well-established't trishomoaromaticcompound.
Itisimportanttoconsiderallpossiblestructures when considering an
intermediate for homoaromaticity. For example,knowing that cation 7C-P contains a
trishomocyclopropenium unit mightencourage the assumption that the solvolysis of 8b
would generate a trishomocyclopropeniumintermediate due to the structural similarities
i.e. a bicyclo{3.1.0]hexane ring.However, cation 8C-B was observed in super-acid39
solution at -110 °C by Masamuneeta!16as a bishomo square-pyramidal cation.
Geometry optimizationcalculationsatthe MP2/6-31g(d)level by Prakash and
coworkers'7revealed the square-pyramidal cationas the only minimum on the potential
energy surface.
Similarly, when considering the lowestenergy structure for the 4-cation of 9, both
the trishomocyclopropenium and bishomosquare-pyramidal structures have been the
subject of research and quantum mechanicalstudies.17'18However, unlike 8C-B where
only one, the bishomo square-pyramidalcation, is a minimum on the potentialenergy
surface, both the trishomocyclopropeniumion, 9C-P, and the bishomo square-pyramidal
ion, 9C-B (Figure 3.5),are minima. Indeed, Mller-Plesset calculations as highas the
MP4-(SDQ)/6-31g(d)//MP2/6-31g(d) level broughtto light that fact that the two cations
are practicallyisoenergetic.17
The cations of 6,7,8,and 9 haveallbeen examined kinetically and
computationally for homoaromaticity, however,homoaromaticity in intermediates is not
limited to cations. Witha fewexceptions,'9homoaromaticity in carbene intermediates
has been rarely examined. As mentionedabove, in this study the B3LYP hybrid density
functional method is pressed into serviceto examine the singlet and triplet carbenes of 6,
7, 8, and 9. These calculationsare analyzed to reveal structural, energetic, and magnetic
anomalies characteristic of homoaromaticity.Since the unpaired electrons in singlet
carbenes are in the o-type orbital andleave the1torbital empty with regards to orbital
interaction, singlet carbenesare,as a starting hypothesis, expected to mirror the
properties of the corresponding cations.However, very little homoaromatic stabilization40
is expected from the triplet carbenes sincethe lone electron in theitorbital encourages
radical-like properties. Radicalsystems do not generally displayhomoconjugation.2°
RESULTS AND DISCUSSION
The geometry optimized structures (B3LYP/6-31g(d))for 6a-9a, their cations,
and carbenes analyzed in this studyare displayed in Figures 3.6-3.9.Key geometric
indicators of aromaticity include lengthening ofconjugative bonds compared to bonds in
non-conjugated molecules, bond equilibration in thearomatic system, and planarity of the
interacting atoms.Although many aromatic moleculesare planar, such as benzene,
allowing maximum cyclic delocalizationof it-electrons, it has been recognized that other
geometric shapes provide favorable conditionsfor cyclic electrondelocalization.2'
Included in those geometries is the bishomosquare pyramidal geometry possessed by
several of the cation and carbenes in this study.
Hydrocarbons 6a, 8a, and 9apossess Cs symmetry while 7a isC2v,Figure 3.6.
In all cases the cyclopropane bond fusedwith the larger ring is about 1.52Aand the
distance between the bridge carbon and theclosest carbon in the cyclopropane ring is
about 2,4A.These distances are dramatically changed in cations6C-P, 7C-P, 8C-B,
9C-P, and 9C-B, Figure 3.7. Intrishomocyclopropenium ions 6C-P, 7C-P, and 9C-P the
bridge cation carbon leans significantly towardthe fused cyclopropane bond with the
distance between the cation carbon anda carbon in the fused cyclopropane bond
shortening to an average of 1.84A.In both 6C-P and 9C-P, the fused cyclopropane2.
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Figure 3.6: B3LYP/6-31g(d) optimized geometries for hydrocarbons 6a, 7a, 8a, and 9a.29A
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Figure 3.7: B3LYP/6-3 1 g(d) optimized geometries for trishomocyclopropenium cations
(a) 6C-P, (b) 7C-P, and (d) 9C-P, and bishomo square pyramidal cations (c) 8C-B and
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Figure 3.8: B3LYP/6-31g(d) geometries of triplet carbenes 6T, 7T, 8T, and 9T.
30A
33 A(a)
2
(c)
1974A /
__1.710A
k
(e)
A
1.5
(b)
(T' ,1.735A
(d)
1.724A
44
Figure 3.9: B3LYP/6-3 lg(d) geometries ofsinglet carbenes 6S-P, 7S-P, 8S-P, 8S-B, 9S-
P, and 9S-B.45
bond lengthens -O.4A.In Coates' cation 7C-P the fused cyclopropane bond only
lengthens O.33A, however, the triangle of overlap (C9-C2-C3) is equalon all sides (1.85
A). Tnshomocyclopropenium ion 9C-Pwas previously examined at MP216-31g(d); at
that level, the triangle of overlap is equalized witha C4-C1 distance of 1.851A,and a
C1-C2 distance of 1.859A.17In bishomo square-pyramidal cations 8C-B and 9C-B the
C-C bonds from the center pentavalent carbon equilibrateto1.63Aat the B3LYP/6-
31g(d) level. The base of the pyramid (carbons 1, 2, 4, and 5 in 8C-B and carbons 1, 2,
3, and 5 in 9C-B) aligns in a cyclobutadiene-like rectangle with bond distances of -1.44
Aand -2.1A.Cations 8C-B and 9C-B were also examined using MP2/6-31g(d)
methodology and gave structures very similar to those obtainedat the B3LYP/6-31g(d)
level.Prakash and coworkers reported C1-C2 and C1-C6 bond distances of 1.443 A and
1.623 A for 8C-B, and C1-05 and C5-C4 bond distances of 1.441Aand 1.619 A
respectively for 9C-B. In summary, the geometries of cations 6C-P, 7C-P, 8C-B, 9C-P,
and 9C-B display bond lengthening and equilibration whichcan be associated with
homoaromaticity.
In contrast to the cation intermediates, triplet carbene intermediates 6T, 7T, 8T,
and 9T, Figure 3.8, do not display the idiosyncrasies associated with cyclic electron
delocalization. The fused cyclopropane bond in these intermediates is increased by only
0.015 A to 0.010Acompared to their hydrocarbon parents.Because triplet carbenes
ordinarily possess large carbene angles, the angle centeredat the carbene in 6T, 7T, 8T,
and 9T is expected to increase with respect to their hydrocarbons; indeed in eachcase the
carbene angle is -5° larger than thesame angle in the hydrocarbons.This angular
increase, and the necessary geometric changes requiredto accommodate it, can explain46
the increase in cyclopropane bond lengthas easily as conjugative interaction with the
carbene center.In addition, the carbene carbon in each triplet carbene doesnot lean
toward the cyclopropane bond, as would be expected in orderto achieve delocalization.
The lack of leaning can best be conveyed using the dihedral anglecontaining the carbene
carbon, looking across the two bridgehead carbons,to either the cyclopropane carbon or
the one or two carbon bridge on the opposite side.For example, the C8-C1-05-C2
dihedral angle in 6a is 122°, and the C8-05-C1-C7 dihedral is 121°.The corresponding
dihedral angles in 6T are also 122° and 1210. The analogous dihedralangles in 7T, 8T,
and 9T also do not differ from their hydrocarbonparents.
The geometries of singlet carbenes 6S-P, 7S-P, 8S-P, 8S-B, 9S-Pand 9S-B,
Figure 3.9, exhibit varying degrees of delocalization.Carbenatricyclooctane 6S-P
displays both lengthening of the fused cyclopropane bond (C2-C4= 1.688A)and leaning
of the earbene carbon bridge toward the fusedcyclopropane bond (C8-C2 = 1.954A).
However there is not the degree of distortion and thusnot the degree of delocalization in
6S-P that there is in 6C-P whichpossesses corresponding bond distances of 1.929Aand
1.8 12A.Singlet carbene 7S-P exhibits decreased bond distances connectingcarbon 9 to
carbons 2 and 3. The carbene carbon bridge in singlet 7S-P leansnoticeably; the C9-Cl-
C8-C2 dihedral angle is 93° in 7S-P comparedto 125° in 7T and 7a. Interestingly, both
the tnshomocyclopropenium and bishomo square-pyramidalstructures are minima for C6
singlet carbene of tricycloheptane 8 whereas only thebishomo square pyramidal ion is a
minimum energy structure for the C6 cation of 8. Thetrishomocyclopropenium structure
8S-P has bond distances in the triangle of overlapthat are comparable to singlet carbene
6S-P, i.e. the C2-C4 and C2-C6 bond distancesin 8S-P are 1.710Aand 1.974A47
respectively.The bishomo square-pyramidal singlet carbene 8S-B isvery similar to
cation 8C-B with apical carbon to basal carbon distance (C6-C2) of1.735Ain 8S-B and
1.634Ain8C-B.SimilartotheC6singletcarbeneof8,boththe
trishomocyclopropenium and bishomo square-pyramidal structuresare minima for the C4
singlet carbene of tetracyclooctane 9. Although the C1-C2 cyclopropanebond of 9S-P is
only 1.595Acontrasted to 1.519Ain 9a, the C4 carbene carbon of 9S-P leans toward the
C1-C2 bond. The C4-05-C3-C1 dihedral angle in 9S-P is 97°compared to 118° in 9a
and 9T. With regard to bishomo square-pyramidal carbene 9S-B,it is intriguing to note
how similar it is in structure to square-pyramidal carbene 8S-B despite theadditional
carbon "tying" together the two halves of the molecule. The C1-C4,C1-C2, and Cl-CS
bond distances in 9S-B are 1.724A,2.128Aand 1.424Arespectively with a C8-C1-CS
angle of 106.4°. The analogous bond distance in 8S-Bare 1.735A,2.115A,and 1.425A
and a C3-C2-C1 angle of 117.9°. A clear difference between 8S-Band 9S-B lies in the
angle of the cyclopropane-like wings relativeto the base of the pyramid, that is the CS-
C4-C2-C3 dihedral angle in 8S-B is 131° while the comparative dihedral (C3-C2-C1-C8)
in 9S-B is 113°.
Energetic stabilization was examined byuse of isodesmic equations.As
discussed in chapter 2, an isodesmic reaction isa transformation in which the number of
bonds of each type is maintained while the relationshipamong the bonds isaltered.22
With this method, an increaseor decrease in energetic stabilization, within a molecule
with respect to a standard molecule,can be revealed. A well conceived isodesmic pair is
designed to stress the unique stabilizing (or destabilizing) characteristic ofthe molecule
being studied while de-emphasizing traditional molecularattributes.In addition, by48
comparing several structurally related compounds withthe same reference molecule,
trends in energetic stabilizationcan be analyzed.
Hydrocarbons6aand 7a both contain the bicyclo[2.2.1]heptane ringsystem.
Indeed, the carbon skeletons of6and 7 differ mostly in the presence of C5 in 7. The
stabilization energies of the C8-centered cation andcarbenes of6,and the C9-centered
cation and carbenes of 7 can be compared byuse of isodesmic Equation 3.2 in which
norbomane and the 7-norbornyl cation and carbenesact as the reference system. The
results for B3LYP/6-31 l+g(3df,2p)//B3LYP6-31g(d)calculations are listed in Table 3.1.
Homoaromatic cations 6C-P and 7C-P show large stabilizationenergies of 29.35 and
22.85 kcal/mol respectively. Since both of these cationsare known to be homoaromatic,
the confirmation of their stabilizationsupports the use of Equation 3.2 as a method for
revealing homoconjugative interaction. Because the cationscarry the added driving force
of delocalizing charge, diminished overlap in thecase of singlet carbenes 6S-P and 7S-P
is to be expected.Both singlet carbenes 6S-P and 7S-P display about 45% of the
homoconjugative stability exhibited by their cationcousins.Although energetic
stabilization in 6S-P and 7S-P is less than their cationcousins, the stabilization energies
are nevertheless significant, being greater than 10 kcal/mol in both singlet carbenes.
Triplet carbenes6Tand 7T show only a small amount of increased stabilityover 7-
carbenanorbornane triplet.
Isodesmic Equation 3.3 was used tocompare homoconjugative stabilization in the
cations and carbenes centered at C6 in tricycloheptane8 and C4 in tetracyclooctane 9,
Table 3.2.23 This reaction takes advantage of thebicyclo[2.1.11hexane skeleton common
to both 8 and 9. Bishomo square-pyramidal cation 8C-B reveals good delocalizationwithTable 3.1: B3LYP/6-3 1 1+g(3df,2p)//B3LYP/6-3 1g(d)a energies for the bridge cation and carbenes of 6 and 7 (B3LYP/6-
31 g(d)//B3LYP/6-3 1 g(d)a energies in parentheses) in hartrees. Stabilization energies (SE) calculated from equation 3.2 in
kcal/mol.
intermediatealkanealkaneintermediate
Molecule SE
(I) (1) (1) (1)
8-tricyclo[3.2.1.02'4]oct-yl Cation 6C-P -311.071-273.878-311.942 -272.961 29.35
8-carbenatricyclo[3.2. 1 .02'4]octane Singlet 6S-P
8-carbenatricyclo[3.2. I .0]octane Triplet 6T
9-pentacyclo[4.3.0.02'4.03'8.05'7}non-yl Cation 7C-P
9-carbenapentacyclo-[4.3 .0.02'4.03'8.05'7]nonane Singlet 7S-P
9-carbenapentacyclo-[4.3 .0.02'4.03'8.05'7]nonane Triplet 7T
(-310.979)(-273.791)(-311.843)(-272.877)(31.18)
-310.643-273.878-311.942 -272.558 13.50
(-310.541)(-273.791)(-311.843)(-272.467)(14,06)
-3 10.605-273.878-311.942-272.540 0.63
(-310.507)(-273.791) (-311.843)(-272.454)(0.58)
-347.955-273.878-348.836-272.961 22.85
(-347.855)(-273.791)(-348.729)(-272.877)(24.70)
-347.533-273.878-348.836-272.558 10.29
(-347.423)(-273.791)(-348.729)(-272.467)(11.40)
-347.500-273.878-348.836 -272.540 1.14
(-347.394)(-273.791) (-348.729)(-272.454)(1.13)
areported energies include B3LYP/6-31g(d)//B3LYP/6-31g(d) zero-point energies.intermediate (i) alkane (i) alkane (1) intemiediate (1)
S XY +, H; . singlet; . triplet
x
intermediate (i) alkane (i) alkane (1) intermediate (1)
S XY +, H; . singlet; . triplet
3.2
3.3
CTable 3.2: B3LYP/6-31 1+g(3df,2p)//B3LYP/631g(d)a energies for the bridge cations and carbenes of 8 and 9 (B3LYP/6-
31g(d)/IB3LYP/631g(d)a energies in parentheses) inhartrees. Stabilization energies (SE) calculated from equation 3.3 in
kc al/mo I.
Molecule intermediate alkane alkane intermediate SE (i) (i) (0 (1)
6-tricyclo[3.1.L024]hept-yl Cation 8C-B -271.737 -234.548 -272.608 -233.652 15.17
(-271.657) (-234.472) (-272.521) (-233.581) (16.74)
Trishomocyclopropenium
6-carbenatricyclo[3. 1.1 .02'4]heptane Singlet 8S-P -271.307 -234.548 -272.608 -233.246 0.39
(-271.218) (-234.472) (-272.521) (-233.168) (0.84)
Bishomo Square-Pyramidal
-271.314 -234.548 -272.608 -233.246 4.47 6-carbenatricyclo[3. 1.1 .02'4Jheptane Singlet 8S-B
(-271.222) (-234.472) (-272.521) (-233.168) (3.60)
6-carbenatricyclo[3.1.I.02'4jheptane Triplet 8T -271.270 -234.548 -272.608 -233.208 0.67
(-271.184) (-234.472) (-272.521) (-233.134) (0.69)
Trishomocyclopropeniurn
4-tetracyclo[3. 3.0.02'8.036Joct-yl Cation 9C-P -309.837 -234.548 -310.732 -233.652 0.41
(-309,748) (-234.472) (-310.635) (-233.581) (1.88)
Bishomo Square-Pyramidal
-309.837 -234.548 -3 10.732 -233.652 0.46 4-tetracyclo[3.3.0.02'8.036]oct-yl Cation 9C.B
(-309.747) (-234.472) (-310.635) (-233.581) (1.77)
Trishomocyctopropenium
4-carbenatetracyclo(3.3.0.02'8.03'6loctane Singlet 9S-P -309.419 -234.548 -310.732 -233.246 -6.92
(-309.321) (-234.472) (-310.635) (-233.168) (-6.67)
Bishomo Square-Pyramidal
4.-carbenatetracyclo[3.3 .0.02'8.03'6joctane Singlet 9S-B -309.411 -234.548 -310.732 -233.246 -11.98
(-309.311) (-234.472) (-310.635) (-233.168) (-12.80)
4-carbenatetracyclo[3.3.0.028.03'6joctane Triplet 9T -309.394 -234.548 -3 10.732 -233.208 1.26
(-309.300) (-234.472) (-310.635) (-233.134) (1.15)
areported energies include B3LYP/6-3 I g(d)//B3LYP/6-3 1 g(d) zero-point energies. -52
a stabilization energy of 15.17 kcal/mol. Interestingly, both bishomo square-pyramidal
cation 9C-B and trishomocyclopropenium cation 9C-Preveal no increase in energetic
stabilization.However, the B3LYP/6-311+g(3df,2p)//B3LYP/6-31g(d)energies are in
excellent agreement with the MP2/6-31g(d)study by Prakash and coworkers which
revealed that 9C-P and 9C-Bare isoenergetic.
Although both the trishomocyclopropenium andbishomo square pyramidal
structures are geometric minima (number of imaginary frequenciesequals zero) for the
C6 centered singlet carbene of 8, the bishomosquare pyramidal structure is clearly
energetically more stable. Bishomosquare pyramidal carbene 8S-B is over 4 kcal/mol
more stable than SS-P.This is not the case for the C4 centered singlet carbenes of 9
where square pyramidal carbene 9S-B ismore than 5 kcal/mol less stable than 9S-P.
Both the trishomocyclopropenium, 9S-P, and bishomosquare pyramidal, 9S-B, structures
are less stable than the C6 singlet carbene of bicyclo[2.1.1]hexane, Table 3.2.Neither
triplet carbene 9T nor 8T is stabilized relativeto its bicyclo[2.1.ljhexane counterpart.
The relative instability of bishomosquare pyramidal cation 9S-B is especially
intriguing when compared to 8S-B considering theirgeometric similarities.It is apparent
that while the pyramid portion of the 9S-B and9C-B are very similar to those in 8S-B
H%çH
good overlap poor overlap
Figure 3.10. Simplified representation of orbital overlapin
bishomo square pyramidal structures.53
and SC-B, see above, the energetic stability ofthe bishomo square pyramidal structure is
highly dependent on the strain in the moleculeas a whole.This was illustrated by
Prakash and coworkers in their MP2study;17Prakash attributed the instability of9C-B
relative to8C-Bto poor orbital overlap between the apical carbon and the basal carbons
of the pyramid, Figure 3.10. Thiscan also be applied to the relative stabilities of8S-B
and9S-B.
Another method of analyzing the relative stability ofcarbene intermediates is the
singlet-triplet carbene energygap, Table 3.3.All the singlet carbenes are more stable
than the triplet carbenes, which,as mentioned above, was expected.However, when
compared to structural standards 7-carbenanorbornaneand 5-carbenabicyclo[2.1.1]-
hexane, a new picture emerges. The singlet-triplet carbeneenergy gap for both 6 and 7
are both greater than 7-carbenanorbomane. However, when comparing the ringsystems
containing the bicyclo{2.1.ljhexane ringsystem(8and9),only the bishomo square
pyramidal structure for8has a larger singlet-triplet carbeneenergy gap than 5-
carbenabicyclo[2.1.11octane.Bothsinglet-tripletcarbeneenergygapsfor4-
carbenatetracyclooctane9are at least 7 kca!/mol less than the singlet-triplet carbene
energy gap for 5-carbenabicyclo[2. 1.1 Jhexane.
The manifestation of diamagnetic susceptibilityexaltationisa quantitative
characteristic of aromaticity. As it pertainsto cyclic electron delocalization, magnetic
susceptibility exaltation (A)can be defined as the difference between the molar
susceptibilities(x)of a cyclic conjugated compound anda model compound which
possesses no ringcurrent.5To analyze the magnetic susceptibility exaltation of the
cations and carbenes of 6, 7,8,and 9, isodesmic equations 3.2 and 3.3are once againTable 3.3: B3LYP/6-3 11 +g(3df,2p)//B3LYP/6-3 1 g(d) singlet-triplet energy gap for the budge carbenes of norbornane,
bicyclo[2.1.1]hexane, 6, 7, 8 and 9.
Molecule
7-carbenanorbornane 13.0
"4 8-carbenatncyclo[3.2. 1.0-' ]octane (6) 26.0
9-carbenapentacyclo-[4.3.0.02'4.03'8.05'7]nonane (7) 22.2
5-carbenabicyclo[2. 1.1 ]hexane 25.4
Trishomocyclopropenium
25.1 6-carbenatricyclo[3. I.I .02'4]heptane (8)
Bishomo Square-Pyramidal
29.2 6-carbenatricyclo[3. 1 .1 .02'4]heptane (8)
Tnshomocyclopropeni urn
17.2 4-carbenatetracyclo[3 .3 .0.02'8.03'6]octane (9)
Bishorno Square-Pyramidal
4-carbenatetracyclo[3 .3.0 .02'8.03'6]octane (9) 12.2
AETs =(EtripietEsingiet) *627.5095 + 1.75 kcal/mol, where 1.75 kcal/mol is the calculation difference (B3LYP/6-
31 1+g(3df,2p)//B3LYP/6-31g(d)), from the experimental value, for the singlet-triplet gap of methylene.
breported energies
include B3LYP/6-3 I g(d)//B3LYP/6-3 1 g(d) zero-point energies.
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pressed into service.The sign convention here is based on these isodesmic equations
with A referring to (Xalkarie(O +Xintermediate(f)Xintennediate(i)Xalkane(i)), Table 3.4. A molecule
is considered aromatic when A> 0, anti-aromatic when A< 0, and non-aromatic when A
-0. The diamagnetic susceptibility exaltation of benzene is about 16cgs-ppm.25
The positive magnetic susceptibility exaltations of the studied cations and
carbenes of 6 and 7 indicate good cyclic electronic delocalization in thesemolecules.
Interestingly, the singlet carbenes of 6 and 7 display larger magnetic susceptibility
exaltations than the cations of 6 and 7 display. This is due in largepart to the fact that the
bridge cation of norbornane hasa greater absolute value of magnetic susceptibility than
7-carbenanorbornane singlet, Table 3.4. The triplet carbenes of 6 and 7 reveal such small
values of magnetic susceptibility exaltation that theyare easily considered non-aromatic.
In the light of magnetic susceptibility exaltation, the bridge cations and carbenes
of 8 and 9 exhibit mostly non-aromatic qualities.Because both bishomo square
pyramidal cations 8C-B and 9C-B both display only slightly negative magnetic
susceptibility exaltation, they fall under the umbrella of non-aromaticity.Similarly,
trishomocyclopropeniumcation9C-P shows onlyaslightlypositivemagnetic
susceptibility exaltation and could be considered equally non-aromatic. Singletcarbene
8S-P,however, manifests a respectable -6cgs-ppm magnetic susceptibility exaltation
which can classify it a slightly aromatic. Conversely, in thecase of the singlet carbenes
of 9, it is bishomo square pyramidal carbene 9S-B thatexhibits aromatic magnetic
susceptibility exaltation (A = 6.51 cgs-ppm), while trishomocyclopropenium carbene 9S-
P displays slightly anti-aromatic characteristics (A= -4.08 cgs-ppm).Both triplet
carbene 8T and 9T are non-aromatic with respectto magnetic susceptibility exaltation.Table 3.4: B3LYP/6311+g(2d,p)/IB3LYP/631g(d)a magnetic susceptibilities () in cgs-ppm for the bridge cations and carbenes of 6, 7, 8 and 9.
Diamagnetic susceptibility exhaltations (A) calculated from equations 3.2 and 3.3.
Molecule intermediate alkane alkane intermediate
A (i) (i) (t) (f)
8-tricyclo[3.2.1.02'4loct-yl Cation 6C-P -89.7813 -75.6655 -87.4080 -63.4012 14.64
8-carbenatricyclo[3.2. I .02Joctane Singlet 6S-P -90.1360 -75.6655 -87.4080 -52.2137 26.18
8-carbenatricyclo[3.2.1.024]octane Triplet 6T -80.0954 -75.6655 -87.4080 -66.0700 2.28
9-pentacyclo[4.3.0.02'4.03'8.057}non-yl Cation 7C-P -97.8087 -75.6655 -94.37 10 -63.4012 15.70
9-carbenapentacyclo[4.3.0.024.03'8.05'7}nonane Singlet 7S-P -93.7997 -75.6655 -94.3710 -52.2137 22.88
9-carbenapentacyclo[4.3.0.02'4.03'8.05'7}nonane Triplet 7T -89.0093 -75.6655 -94.3710 -66.0700 4.23
6-tricyclo[3.1.1.02'4]hept-yl Cation 8C-B -70.2105 -61.9819 -73.9040 -60.6696 -2.38
Trishomocyclopropenium
6-carbenatricyclo[3. 1.1 .02']heptane Singlet 8S.P 73.9249 -61.9819 -73.9040 -56.0106 5.99
Bishomo Square-Pyramidal
6-carbenatricyclo[3. 1.1 .02'4]heptane Singlet 8S-B -70.8529 -61.9819 -73.9040 -56.0106 2.92
6-carbenatricyclo[3.1.1.02'4lheptane Triplet 8T -67.2279 -61.9819 -73.9040 -53.2554 2.05
Trishomocyclopropenium
4-tetracyc1o[3.3.0.028.03'61oc-tyl Cation 9C.P -84.6392 -61.9819 -83.2482 -60.6696 2.70
Bishomo Square-Pyramidal
4-tetracyclo[3 .3 .0.028.036loct-yl Cation 9C-B -80.9250 -61.9819 -83.2482 -60.6696 -1.01
Trishomocyclopropenium
4-carbenatetracyclo[3.3.0.02'8.036]octane Singlet 9S-P -73.1954 -61.9819 -83.2482 -56.0106 -4.08
Bishorno Square-Pyramidal
4-carbenatetracyclo[3 .3.0.02'8.03'6]octane Singlet 9S-B -83.7888 -61.9819 -83.2482 -56.0106 6.51
4-carbenatetracyclo[3.3 .0.02'8.03'6]octane Triplet 9T -76.9360 -61.9819 -83.2482 -53.2554 2.41
acalculated using the CSGT method
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CONCLUSIONS
Definitive classification of molecules as aromaticor non-aromatic can be tricky at
best. Manifestation of specific criteriacan be used as a gauge of aromaticity. However,
all aromatic molecules cannot be expected to display all aromatic criteriato equal
degrees.In this chapter, we have examined structural, energetic, and magnetic criteria
for the bridge cations and carbenes of 6, 7, 8, and 9. The results of the aromaticgauges
for the bridge cations and singlet carbenes of 6, 7, 8, and 9are summarized in Table 3.5.
The triplet carbenes of each of these molecules donot display any stabilization with
regards to these criteria and are therefore classifiedas non-aromatic. According to the
gauges used in this chapter, trishomocyclopropenium cations 6C-P and 7C-P are clearly
homoaromatic, giving positive results to each test.The homoaromaticity of bishomo
square pyramidal cation 8C-B, is not as clearly defined. While 8C-B gave stabilization
energy (considered by many to be the chief criteria foraromaticity)6equivalent to those
of 6C-P and 7C-P, 8C-B failed to show aromatic magnetic susceptibility exaltation.
While the structures for isoenergetic cations 9C-P and 9C-Bare energetic minima, they
do not manifest the other measures for homoaromaticity.Similar to their cations,
trishomocyclopropenium carbenes 6S-P and 7S-P meet the criteria for homoaromaticity
measured in this chapter.Similar to its cation, the homoaromaticity for the singlet
carbenes of 8 is not as clearly definedas that for the singlet carbenes of 6 and 7.
Trishomocyclopropenium carbene 8S-P displaysa small amount of diamagnetic
susceptibility exaltation, but essentiallyno stabilization energy.Contrarily, bishomo
square pyramidal carbene 8S-B, displays a modest amount of energetic stabilization, but58
Table 3.5 Ana'ysis of aromaticity criteria forcanons 6C-P, 7C-P, SC-B, 9C-P, and 9C-B, and singlet
carbenes 6S-P, 7S-P, 8S-P, 8S-B, 9S-P, and 9S.B.
positive positive
positive positive
7C-P
positive positive
8C.B
positive -o
9C-P
positive -o
positive positive
positive positive
7S-P
O positive
8S.P
- positive
- positive
positive
positive
-o
positive positive positive (small)
positive negative
9S-P
positive negative
aJE =ETS(moIecuIe)AET.S(stnicturaistandard)
-0
0
-o
positive
positive
positive (small)
0
negative negative (small)
negative positive (small)59
no diamagnetic susceptibility exaltation.If one proposes that energetic stabilization is
the major criteriafor homoaromaticity, then 8S-P would be classifiedas non-
homoaromatic and 8S-B as mildly to non-homoarornatic.Trishomocyclopropenium
carbene 9S-P is classified as non- to anti-aromatic dueto its negative stabilization energy
and magnetic susceptibility exaltation. Finally, bishomosquare pyramidal carbene 9S-B
displays conflicting values for homoaromaticity. Thestructure is one that allows for
cyclic electron delocalization, and thereissmall positive magnetic susceptibility
exaltation. However, energetically 9S-B is anti-aromatic.
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HYDROGEN ATOM ABSTRACTION FROM THE BRIDGEHEAD
IN FUSED CYCLOPROPYL-NORBORNANE RINGSYSTEMS:
A COMPUTATIONAL AND EXPERIMENTALSTUDY1
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ABSTRACT
Previously reported from this laboratorywas the radical photochiorination ofexo,
endo, exo,exo,and endo,exo-norbornane derivatives 2-5 with t-butylhypochlorite.1
Confirmation of t-butoxy radicalas the hydrogen-abstracting agent has been performed
using a chlorine atom trap. In addition, therates of hydrogen atom abstraction from the
bridgehead position of 1-5 have been analyzed withreference to: orbital overlap with the
cyclopropane moieties the planarity of the bridgehead carbon; s-bondlengths; rigidity of
the system; and enthalpy of stabilization ofthe corresponding bridgehead radical.
Geometries and enthalpies of 1-5were calculated at the B3LYP/6-31G(d) level.64
INTRODUCTION AND BACKGROUND
Rate enhancements of reactions generating carbocationintermediates have been
well established.2 Less well known, andgenerally less dramatic, are rate enhancements
of reactions producing radical intermediates.3Previously from this laboratory,' the
radical photochlorinations of norbornane ringsystems 1-5, Figure 4.1, were examined.
Figure 4.1: Norbornane and fused cyclopropyl-
norbornanes 2-5
Fused cyclopropane ringson the bicyclo[2.2.1]heptane ring system have two orientations,
endo and exo.These different orientationscan have different stabilizing effects on a
radical or cation centered at the bridgeheadposition. The observed rates for hydrogen
Table 4.1. Rates of hydrogen atom abstraction fromthe bridgehead position of 1-5 by
t-butoxy radical.
Hydrocarbon per H kret
Norbornarie 1 0.076±0.0007a (1.00)1
endo-Tricyclo[3.2. 1 .024joctane 2 0.11 1 41
exo-Tricyclo[3.2.1.024loctane 3 0.52±0.02k' 6.8±o.7a
endo,exo-Tetracyclo[3.3.1.02'4.06"]nonane 4 2.68±0.22 35.3±6
exo,exo-Tetracyc!o[3.3.1.02'4.068]nonane 5 1.5±0.1 20±
reported in reference Ic.65
atom abstraction from the bridgehead position varied withthe orientation and number of
fused cyclopropane rings, Table 4.1. Thestabilizing effect of a-cyclopropyl substitution
and its orientation with respect to thebridgehead position of the norbornane ring system
are the subject of this current study. The enthalpies and geometriesof the hydrocarbons
and bridgehead radicals of 1-5 have beenexamined computationally.In addition,
confirmation of tert-butoxy radicalas the hydrogen atom abstracting agent has been
achieved.
Related studies involving the stabilization of radicalintermediates have been
reported by de Meijere and coworkers.4'Using the energy of activation for the thermal
bond cleavage of tetramethyl- anddicyclopropyl-substituted bicyclo[2.2.O]hexanes,
reaction equations 4.1 and 4.2, de Meijereestimated that an a-cyclopropyl substitution
has a 2.85 kcal/mol stabilizing effecton cyclopropyl-methyl radicals with an ideal
bisected conformation.
Lç\ 4.1
K1
4.2
In a related study, de Meijere and coworkers4bexamined the effect of increasing
a-cyclopropyl annelation on the tertiaryto secondary hydrogen atom abstraction ratios in
bicyclo[2.2.2]octane systems 6-9, Figure 4.2.Due to the rigid polycyclic systemFigure 4.2: bicyc1o2.2.2octane and related
hydrocarbons 7-10.
involved, the cyclopropyl ringsare unable to adopt he preferred bisected orientation.
Nonetheless, increased ct-cyclopropyl annelationgave increased ratios for hydrogen
abstraction from the bridgehead comparedto secondary positions (kblzeadlksec).In
completely annelated hydrocarbon 10, bridgeheadabstraction is practically the only
reaction observed in the photochlorination witht-butyl-hypochlorite, although, of course,
there are no longer any secondary positions.Since bicyclo[2.2.2]octane substrate 10
possessesC3hsymmetry, all fused cyclopropane rings have thesame relative orientation
with respect to the bridgehead, and shouldoffer equal stabiization.The increased
bridgehead reactivity was ascribedto enhanced delocalization of the a-cyclopropane
rings with the radical center.
COMPUTATIONAL METHODS
Recent computational studies of radicalshave shown that density functional
theory gives results in goodagreement withexperiment.6Therefore, the primary
computational method used in this studyhas been Becke's 3-parameter exchange67
functional with the Lee, Yang, and Parr correlationfunctional. The 6-31g(d) basis set
was employed as implemented in the Gaussian 94 suite ofprograms.7Zero point
energies and thermal correctionswere calculated using the optimized geometries at the
B3LYPI6-3 lg(d)level.8
RADICAL CHAIN MECHANISM
Both the photochionnation of polycycles 1-5 reportedby Freeman et al. and that
of 6-10 reported by de Meijere and coworkersused tert-butyl hypochlorite as the
chlorinating agent.The standard radical chain for thisprocess is that illustrated in
Mechanism 1, Figure439a
However, another possible chain is described in Mechanism
Mechanism 1
t-BuOCI t-BuO+Cl
t-BuO.+RH R.+t-BuOH
R +t-BuOCI RCI +t-BuO
Mechanism 2
t-BuOC1+ HCI 't-BuOH+Cl2
2C12 hv 2C1
Cl.+RH HCI+R.
R'+Cl', RC1+Cl
Figure 4.3: Possible hydrogen abstractionmechanisms involving tert-butyl
hypochlorite.± 0.4 (exo)
2.74±0 8.6±0.3(endo)
13.9 ± 0.1
a
f74.7± 0.2 (exo)
2.7 ± 0.1
-' /
9.3 ± 0.05 (endo)
13.48 ± 0.08
b
Figure 4.4: Substitution pattern for the photochiorinationof exo-
tricyclo3.2.1.O24]octane 3 with t-butylhypochionte in the absence (a) and
presence (b) of chlorine atom trap trichloroethene.
2.Since the abstracting agent in part determines therate of hydrogen atom abstraction,
determination of the dominant mechanism is essentialto a complete understanding of the
relativeratesobserved.The dominant chain mechanism inoperationinthe
bicyclo[2.2.ljheptane system was determined by performingphotochionnations of exo-
tricyclooctane 3 with tert-butyl hypochlorite alone and in thepresence of trichioroethene,
a chlorine atom trap.9bIf the dominant chain were Mechanism 2, then the product
regiochemistry would be expected tovary in the two reactions. The product ratios, as
determined by GC/MS and 'HNMR, Figure 4.4, in thetwo reactions are the same. This
suggests that the dominant radical chain in the bicyclo[2.2.l]heptanesystem is that of
Mechanism 1. Although this analysiswas not performed on the bicyclo[2.2.2joctane ring
system, it is reasonable to assume Mechanism 1 is also the dominantmechanism for tert-
butyl hypochiorite photochlorination of thebicyclo[2.2.2]octane ring system.69
MOLECULAR FLEXIBILITY
As mentioned above, the rates of hydrogenatom abstraction from the bridgehead
position of hydrocarbons 1-5 relative to cyclohexane bytert-butoxy radical in the tert-
butyl hypochiorite photochiorinationare listed in Table 4.1.It is clear that the rate of
hydrogen atom abstraction differs with the orientationand number of c-annelated
cyclopropane rings. What is not initially evident is the relationbetween the observed
rates for bridgehead hydrogen atom abstraction and thestructure of the polycycle, its
bridgehead radical, and the transitionstate connecting the two. Does the ability of the
bridgehead carbon to form a planar radical affect therate of hydrogen atom abstraction
by tert-butoxy radical, or is the rate solely determined by theamount of delocalization
available through the cyclopropane moieties? If the latter, howdoes the structure of the
polycycle determine the amount of delocalization availablethrough the cyclopropyl
rings?
In the ideal bisected configuration for cyclopropylmethyl radicals,the "p" orbital
from a planar radical is able to overlap withtwo Walsh orbitals in the cyclopropane rings.
In geometric terms, this means that the ideal dihedral anglebetween the radical orbital
lobe and the perpendicular to the bisecting line of the cyclopropanering is00.10The rigid
bicyclo[2.2.ljheptane ring system, however, forces bridgehead radicalsinto a pyramidal
geometry and the lone electron into an "sp3" type orbital. In thiscase, the dihedral angle
between the radical orbital lobe and the perpendicularto the bisector of the cyclopropane
ring is represented by dihedral angle 0, Figure 4.5.This geometry limits the amount of
delocalization available from neighboring cyclopropylgroups. Although the norbornane
ring system does not allow fora bisected conformational relationship between the radical70
Simplified Newman Projection
Simplified Newman Projection
looking down the C2-C 1 bond
Figure 4.5. Newman projections ofbisected cyclopropyl methyl radical and the
bridgehead radical of exo-tricyclo[3.2.1.02'4]octane3.71
center and the Walsh orbitals in the cyclopropanerings, the norbomane ring may be able
to "twist" to increase orbital overlap.
The concept of "ring twisting"was used by de Meijere to explain the increased
rate of solvolysis of syn,anti-bridgehead chloride 9bcompared to syn,syn-bridgehead
chloride 8b, Table 424b By examiningthe flexibility of molecular models, de Meijere
reasoned that twisting both cyclopropanerings of bridgehead cation 9c in relative
clockwise directions would decrease dihedral0 and create a more stable cation, Figure
4.6. Cation 8c, however, wouldrequire relative clockwise and counter-clockwise twists
to decrease 0. The flexibility of molecular modelssuggested this would put too much
strain in the ring and createa less stable cation.Similarly, hydrocarbon 9 had a larger
tertiary to secondary hydrogen abstractionratio than hydrocarbon 8; the same argument
about "twisting" may be appliedto explain increased bridgehead hydrogen abstraction
reactivityin9.Analogously, endo,exo-tetracyclononane 4 underwent hydrogen
abstraction at the bridgehead faster thanexo,exo-tetracyclononane 5. The "ring twisting"
concept might apply to the norbornane ringsystem as well as the bicyclo{2.2.2joctane
ring system. "Ring twisting"was analyzed using B3LYP/6-31g(d) optimized geometries
of the ring systems in question.
bond CS-Cl £Obond
C2-C 1 clockwise twist
counter-clockwise twist
8c
bond C8-Cl £ bond C2-C1
clockwise twist clockwise twist
9c
Figure 4.6. Ring twisting model devisedby de Meijere to explain
possible increased orbital overlap in bridgeheadcations 8c and 9c.72
Table 4.2. Rates of solvolysis and hydrogenatom abstraction from
7-10 or their brid2ehead chlorides
Tertiary/Secondary
Hydrocarbon Rate of Solvolysis (X = Cl)abHydrogen Abstraction
Ratio (X =
x
6.07 x 1O 4.9
7X=H
7b X = CI
7cX= ®
x
3.29 x108 12.3
8 X=H
8bX=CI
8c X =®
x
5.8 x10.6 16.2
9 X=H
9b X = CI
9c X =
x
5.77 x na
lOb X = CI
lOcX=®
ref 4b
bin 80% ethanol, 25°C
C
photochlorination with t-butyl hypochiorite at 40°C73
As noted above, the preferred conformation for c-cyclopropylmethylradicals
entails the "p" orbital at the radicalcenter in a bisected conformation for maximum
overlap with the Walsh orbitals of the cyclopropanerings.This is also the preferred
conformation for a-cyclopropylmethyl cations. Bymeasuring dihedral angles 0 of both
hydrocarbons 2-5 and 6-10 and their corresponding bridgeheadradicals and cations, one
can examine the amount of increased orbital overlap available to the bridgehead radicals
and cations. In bisected cyclopropylmethyl radicalor cation, 0 is equal to 00. A decrease
in 0 between hydrocarbons 2-5 and 7-10 andtheir bridgehead radical or cation (0)
would indicate that the ring systemwas "twisting" to allow better orbital overlap. As
shown in Table 4.3, however, witha few exceptions, 0 increases in going from the
hydrocarbon to the bridgehead radicalor cation, i.e. A0 is positive. Especially telling is
the fact that in the case of thesyn,syn-cation,formed in 8b solvolysis, 0 increases by
Table 4.3. Twist angle 0 for 2-5 and 7-10 and theirbridgehead radicals and
cationsa
0 for 0 for 0bfor 0bfor
0bridgeheadbridgeheadbridgeheadbridgehead
radical cation radical cation
endo-TrCO 2 77.80 73.85 77.80 -3.95 0.00
exo-TrCO 3 39.45 40.25 48.10 0.80 8.65
endo,exo-TeCN 4 (endo ring)78.00 73.45 80.10 -4.55 2.10
endo,exo-TeCN 4 (exa ring) 40.15 42.55 48.75 2.40 8.60
exo,exo-TeCN 5 39.60 41.00 43.65 1.40 4.05
TrCN 7 56.25 54.95 59.20 -1.30 2.95
syn,syn-TeCD 8 56.45 58.85 57.20 2.40 0.75
syn,anti-TeCD 9 (anti ring) 56.35 58.25 60.10 1.90 3.75
syn,anti-TeCD 9 (syn ring) 56.60 57.85 59.00 1.25 2.40
syn,anti,syn-PeCU 10 56.65 57.85 60.75 1.20 4.10
a
as determined from optimized geometries at the B3LYP/6-3 lg(d) level
= Jiathca1 or cation3hycIrocarbon74
0.75°, while with svn,anti-cation 9b, where twistingis presumably more facile, 0
increases by 3.75° and 2.40°.Thus the hypothesis that twisting is the key factor in
explaining the greater reactivity of 9versus 8 is incorrect.
One rationale to explain the observation that 0 increaseswhere it is predicted to
decrease is that the bridgehead carbons of the bridgeheadradicals and cations of 2-5 and
7-10 are more planar than that of theirhydrocarbon parents. This change in geometry
and the accommodating geometric changes in therest of the molecule may account for
the changes in 0.
It is conceivable that the observedrates for bridgehead hydrogen atom abstraction
from 2-5 and for solvolysis of bridgehead chloridesof 7-10 can be rationalized solely by
the ability of the polycycle to forma planar intermediate. One method of analyzing
planarity is examination of the dihedral angle betweentwo substituents on an atom, in
this case a carbon, looking down the bond of anothersubstituent. For example, in a pure
3H'
2H 3H\/2H
1200
3H-H2
Figure 4.7. Newman projections of the dihedral angles in
tetrahedral pyramidal and planar methylradical75
tetrahedral pyramidal methyiradical, the dihedralangle between two hydrogens looking
down another C-H bond is 120°; whereas, in planarmethylradical, the dihedral angle
between two hydrogens looking down the third C-H bondis 180°, Figure 4.7. Table 4.4
lists the planarity dihedral anglesand the change in plananty angles, A, for the
bridgehead radicals and cations of ringsystems 2-5 and 7-10. The drive for planarity is
greater for bridgehead cations than for bridgehead radicals, but thereis no other
discernable trend in the plananty of the bridgehead carbonsin ring systems 2-5 and 7-10.
The bridgehead cation for syn,syn-tetracyclodecane8 is overall more planar than its
svn,anticounterpart, which is the opposite to what would be expected basedupon the
rates of solvolysis for the corresponding bridgehead chlorides.Interestingly, the
Table 4.4. Change in bridgehead planarity anglesc for the bridgehead radicals and
cations of ring systems 2-5 and 710a,b
for aavefor LcTavefor for
nave bridgeheadbridgeheadbridgeheadbridgehead
ring system radicaic cationc radica1 cation'
endo-TrCO2 108.73 114.97 139.10 6.23 30.37
exo-TrCO3 106.90 112.83 138.67 5.93 31.77
endo,exo-TeCN 4 107.57 113.53 137.87 5.96 30.77
exo,exo-TeCN5 106.07 111.63 136.83 5.56 30.30
TrCN7 118.37 127.43 149.50 9.00 31.13
svn,syn-TeCD8 117.73 126.93 148.93 9.20 31.20
svn,anti-TeCD 9 117.50 126.50 147.73 9.00 30.23
syn,anti,syn-PeCU 10 116.80 125.70 146.60 8.90 29.80
afrom the B3LYP/6-3lg(d) optimized geometriesAll angles are dihedral angles
i.e.is the angle between carbons 2 and 7 looking downthe 1-8 bond,2 isthe
angle between carbons 2 and 8 looking downthe 1-7 bond, and cis the angle
between carbons 7 and 8 looking down the 1-2 bondave= (i + G2+ Y3) / 3.
dLY=radica1 or cationahydrocarbon76
bridgehead radical of endo,exo-tetracyclononane 4 is overallslightly more planar than its
exo,exocounterpart in agreement with the rates for hydrogen abstraction by tert-butoxy
radical. However, due to the lack ofan overall trend, it is impossible to state that the
increase in planarity in the bridgehead radical ofendo,exo-tetracyclononane 4 is the
factor that produces the increase inrate of bridgehead hydrogen atom abstraction
observed.
We have now established that the observedrates for bridgehead hydrogen
abstraction from 2-5 and the rates of solvolysis of bridgeheadchlorides of 7-10 are not
contingent on the ability of the polycycleto form a bisected or planar intermediate. We
can now take a step back and examine the logistics ofa related system: the allyl-
radical/cation system and its similarities with thecyclopropyl-methyl radical/cation
system. In the allyl-radical/cation system, the spin and charge densitiesare evenly split
between the original radical/cationcenter and the y-carbons. The
13bond lengths reflect
this in that a long13bond is indicative of a large amount of delocalization. In thecase of
polycycles 1-10, a large change inf3bond length between bridgehead radical or cation
and hydrocarbon would attest to the flexibility ofthe polycycle in accommodating
geometric changes needed for increased stabilization.
Therefore, an examination of the 13 bond lengths of 1-10 andtheir bridgehead
radicals and cations was completed.In addition, since all attempts to calculate the
transition states for hydrogen abstraction fromthe bridgehead position of 1-5 were
unsuccessful, analysis of the13bond lengths of the bridgehead radicals and cations of 1-5
may allow an estimation of the polarity of the transition states.77
As displayed in Table 4.5, the bridgehead radicals and cationsof 1-10 have longer
13 bonds than their hydrocarbon parents do.Specifically, the bridgehead cation of
syn,anti-tetracyclodecane 9 has anaverage 13 bond length (1.625A)that is greater than
that of its syn,syn-tetracyclodecane 8counterpart (1.584A).In addition, the change in
1
bond length from hydrocarbon to bridgeheadcation is greater for 9 (Avg.bond13 =
0.092A)than for 8 (Avg.Abond1.3= 0.056), which is consistent with the observed order
of solvolysis of the bridgehead chloridesof 9 and 8.In the case of the bridgehead
radicals of endo,exo-tetracyclononane 4versus exo,exo-tetracyclononane 5, the average 13
bond length for 4 is greater than that for5, and the average changes of just the
cyclopropane rings in 13 bond lengthare equivalent.This can be explained when the
individual changes in 13 bond lengthare considered. The exo 13 bond length of 5 is 1.524
Aand 1.549Ain its bridgehead radical, givinga change in 13 bond length of 0.025A.
Theendoand exo 13 bonds of4are 1.525Aand 1.526Arespectively. The same bonds in
the bridgehead radical of4are 1.540Aand 1.560A,giving changes in 13 bond length of
0.015Aand 0.034A.The exo 13 bond of the bridgehead radical of4 is 0.011 Alonger
than in the bridgehead radical of 5, indicating thatthe exo
1bond of 4 individually offers
greater delocalization with a bridgehead radical thanan exo 13 bond of 5.
To determine the amount of carbocationcharacter in the transition states for
hydrogen abstraction from 1-5 by tert-butoxyradical, we can hypothesize that the
activation energies for the constanttemperature hydrogen atom abstraction reactions from
1-5 parallel the amount of delocalization availableto the reactive carbon center at the
transition state, which in turn parallels the delocalizationavailable to the intermediate,Table 4.5. Average length(A)a,change in lengths (A)bc, and sum of change in lengths(A) of3 bonds of 1-10 and their
bridgehead radicals and cations
Avg. Bond1..3Avg. Bond13 Avg. Avg. Sum Sum
2 I for for ABond3 for ABond1.3 for A11ond13 for Aloud1..3 for
4 Avg. bridgeheadbridgeheadbridgehead bridgehead bridgehead bridgehead
ring system Bond1..3 radical cation radical cation radical cation
norbornane 1 1.558 1.572 1.605 0.014 0.047 0.043 0.140
endo-TrCO2 1.547 1.561 1.586 0.014 0.039 0.041 0.118
exo-TrCO3 1.546 1.565 1.622 0.019 0.076 0.057 0.227
endo,exo-TeCN4 1.534 1.555 1.608 0.021 0.074 0.062 0.221
exo,exo-TeCN5 1.530 1.551 1.613 0.021 0.083 0.063 0.249
bicyclo[2.2.2]octane 6
TrCN7 1.546 1.570 1.633 0.024 0.087 0.073 0.261
syn,syn-TeCD8 1.529 1.552 1.584 0.024 0.056 0.071 0.248
syn,anti-TeCD 9 1.533 1.559 1.625 0.026 0.092 0.077 0.275
PeCU 10 1.520 1.549 1.618 0.029 0.098 0.087 0.294
aB3LYP/6-31g(d)
bbond 4 decreased 0.001 to 0.006Ain the bridgehead radicals and calions compared to the
hydrocarbons
CAbondbOfldradicaor hydrocarbonbOfldlly(irocarhon.
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inkrej =in= inA- Arrhenius Equation
k2 A1RT
a=CxA/I
Afl= C'[CR(zbond1R +zbond2R + L\bond3R) +
Cc(Abond1 + zbond2 + Abond3)]
iflkrei=C'[CR(AbondlR +Abond2R+Abond3R)+ 45
C(Abond1 +zbond2 +Abond3)]+K
whereK=ln--. 4.6 A2
equation 4.3.Therefore, by calculating the fraction of radical and cation13 bond length
changes that best correlate with the observed relativerates, we should be able to predict
the amount of cationic character in the transitionstate.Starting from the Arrhenius
equation and assuming a constant temperature (40°C),a plot of the natural log of the
relative rates versus the change in
13bond lengths, equation 4.5, would show a linear
correlation if the hypothesis were true.Multiplying the change in radical bonds by
CR=l.O and the change in cation bonds by C=0.Ogave the best correlation coefficient of
0.97, Figure 4.8. Inclusion of 10% cation character reducesthe correlation coefficient to
0.94.This demonstrates that the transitionstates for hydrogen atom abstraction by t-
butoxy-radical from 1-5 have little polarity.Regression e1uding endoTCO 2 (R=O.972)
35 - Regression including endoTCO 2 (R=O.966)
3 RawDataPoints
0.045 0.050 0.055 0.060 0.065
-' Equation 4.5 (CR=l.O, Cc=O.0)
Figure 4.8. Sum of the changes in 13 bond length of 1-5 versus Ln krei for hydrogen atom abstraction
from the bridgehead by tert-butoxy radical.
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ELECTRONIC STABILIZATION
Incorporating transition state theory, equations 4.7 and 4.8, with theArrhenius
equation allows us to substitute the enthalpy of activation forthe energy of activation,
equation 4.9.If the enthapies of activation for hydrogen abstractionat 40°C from 1-5
Ea=AH+RT
4.7
AE =(AH +RT)(AH +RT)=MH
4.8
A1AE A1AAH ink
A2RT A2 RT 49
AH=CxAH 4.10
AAHCxAAH 4.11
A1CMHS
iflkri= In-- 4.12 RT
parallel the enthalpies of stabilization for the bridgeheadradicals, equations 4.10 and
4.11, then we can substitute the enthalpies of stabilizationfor hydrogen abstraction from
1-5 for the enthalpies of activation for the bridgehead radicalformation. Again assuming
a constant temperature and pressure, all modificationscan be combined into equation
4.12.A plot of the natural log of the relativerates of bridgehead hydrogen atom
abstraction from hydrocarbons 1-5 using t-BuOCI,versus the enthalpies of stabilization82
+ + 4.13
would reveal any correlation between theobserved rates and the stability of the formed
radicals, Figure 4.9. The stabilization enthalpies(zH) of bridgehead radicals of 1-5 were
determined from isodesmic reactions suchas that illustrated in isodesmic reaction 4.13,
comparing the stabilization of the a-cyclopropyl annelatedradicals with norborn-1-yl
using enthalpies determined at the B3LYP/6-31g(d)level plus scaled zero-point energies
and thermal corrections. Similarly,as another test for the polarity of the transition state,
the stabilization enthalpies of bridgeheadcarbocations of 1-5, as determined by isodesmic
reaction 4.14, were also examinedThe stabilization enthalpies of the bridgehead
radicals show a good correlation (R=O.95), whereasthe stabilization enthalpies of the
bridgehead cation do not (R=O.90).This suggests that the rate of formation of the
bridgehead radical from hydrocarbons 1-5 is contingenton the stability of the formed
radical. Thus, there is agreement with the earlierobservation that the transition state for
hydrogen atom abstraction from 2-5 isnot polar.
The nature of the stabilization of the bridgeheadradicals was examined by
viewing the spin densities.Spin density represents the average location of unpaired3j
3
2.5
2
15
1
0.51
-0.5
1
Regression excluding endoTCO (R=0.952)
4
4 Recression inelndinn1nTrO (R=ft96
zH from Isodesmic Equation 4.13
Figure 4.9. The natural log of the relative rate of hydrogen abstraction from the bridgehead versus the
stabilization enthalpies determined from i sodesmic reaction 4.13 (B3LYP/6-3 1 g(d)/IB3LYP/6-3 1 g(d)).
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Table 4.6. Calculated spin densities for bisected cyclopropyl-methylradical and
the bridgehead radicals of 1-5
Bridgehead radical Cl C4 CS C6
norbornan-1-yl 0.949 0.052a o.52c
endo-TrCO-1-yl 0.949 0.045 0.031 0.053
exo-TrCO-1-yl 0.911 0.105 0.036 0.054
endo,exo-TeCN-1-yl 0.9070.049(endo)0.032 0.108 (exo)
exo, exo-TeCN-1-yl 0.89 0.093 0.037 0.093
aCarbon 3 of norborn-1-yl.Carbon 4 of norbom-1-yl
Carbon 5 of norbom-L-yl
electron(s) within a molecule. The spin densities ofbridgehead radicals of 1-5 are shown
empirically in Figure 4.10 and Table 4.6;as a reference, bisected cyclopropyl-methyl
radical is included. In bisected cyclopropyl-methylradical the spin density is centered on
the radical site, with Walsh orbital overlap evenlysplit on both y-carbons. Norborn-1-yl
demonstrates the amount of stabilization available throughhyperconjugation with a
normalsp-sp3(C2-C3) bond.Interestingly, endo-tricyclooctane 2 shows less spin
density at the y-carbon of the cyclopropane ring(C2-C4) than the y-carbon on the normal
sp3-sp3(C6-C7) bond. exo-Tricyclooctane 3,on the other hand, has twice as much spin
on the cyclopropane y-carbon (C2-C4) compared to thesp3-sp3y-carbon (C6-C7). Most
telling is endo,exo-tetracyclononane 4; the differencebetween the spin density at they-
carbons on the endo (C6-C8) andexo (C2-C4) rings is marked. It is apparent from the
spin densities that cyclopropyl rings fused inthe exo position stabilizes a radical at the
bridgehead better than an endo-cyclopropyl ring inthe norbornane ring system.0.087
1.019
(a)
0.105
0.036
\L-L/\
0.054
0.9 11
(d)
0.034
0.031
0.052 0.
6
0.045
0.949
0.949
(b) (c)
0.108 0.032 0.093 0.037
2 8
0.049
t
0.907 0.890
(e) (1)
Figure 4.10. Calculated spin densities (B3LYP/6-31g(d)) of (a) bisected cyc1opropyl-methy1 radical and (b-g)
bridgehead radicals of hydrocarbons 1-5
00A visual examination of the spin densities ofthe bridgehead radicals of the parent
hydrocarbons from theendo-sideof 1-5 is presented in Figure 4.11. The rigid nature of
the norbornane ring system forces the backsideof the orbital at the bridgehead radical
center to be pointed in anendoorientation. As a result, cyclopropane rings fused in the
endoposition, with fused Walsh orbitalexoon the norbornane skeleton, have limited
capacity for delocalization witha radical at the bridgehead. However, cyclopropane rings
fused in theexoposition, with fused Walsh orbitalon theendoside of the norbomane
skeleton, are more able to interact witha bridgehead radical.
CONCLUSIONS
The hydrogen abstracting agent in the photo-inducedhydrogen atom abstraction
from 1-5 in the presence of t-butyl-hypochloriteis t-butoxy-radical. Although hydrogen
atom abstractions by t-butoxy-radical are known to have polar transitionstates, attempts
to connect the rates of hydrogen atom abstraction from thebridgehead position of 1-5
with polar character showed little correlation.
de Meijere's proposal that the ability of thepolycyclic hydrocarbon to "twist" and
form a more bisected radicalor cation intermediate determines the rates of solvolysis and
hydrogen abstraction in 7-10 is notcorrect. In addition, the observed rates of reaction are
not contingent on the ability of the bridgehead carbonto form a planar intermediate.
However, there are good correlations between theobserved relative rates of bridgeheadCyclopropyl-methyl radical Norborn-l-yI
exo-Tncyclo[3 .2.1 .O4]octan-1-y1 endoexo-Telmcyclol3 .3.1 .O,.Ojnonan-1 -yl
endo-tricyclo[3.2.1 .O2Joctan- l-yl
exo,exo-Tetracyclo[3.3. I .O.O6Jnonan-I-yI
Figure 4.11 Spin densities of bisected cyclopropyl-methyl radical and the bridgehead radicals of 1-5 from endo side88
hydrogen atom abstraction and both therelative enthalpies of stabilization and the 3 bond
length changes of the bridgehead radicals.
With regards to the effect ofendoand exo fused rings in the bicyclo2.2.1}heptane
ring systems 1-5, the backside of the radicallobe in the bridgehead radicals of 1-5 is
forcedendoto the norbornane skeleton.Therefore, cyclopropyl rings fused to the
norbomane skeleton in theexoposition, with Walsh orbitalendoto the norbornane
skeleton, offer greater stabilizationto the radical center than rings fused in theendo
position whose Walsh orbitalisexoto the norbornane ring.Theexoorientation
accordingly allows for better edge-on overlap withthe radical center.
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EXPERIMENTAL
Preparation of the exo-tricyc1o[3.2.1.O2'41octane'
The cycloalkane was prepared bya Simmons-Smith reaction using norbornene
and diiodomethane in thepresence of a zinc-copper couple.The Zn-Cu couple was
prepared by first dissolving 0.28g (1.55 mmol) of cupnc acetate in 28 ml of boiling
glacial acetic acid followed by the addition of17 g (0.26 mol) of 30-mesh granular zinc.
Following the disappearance of the blue color, theacetic acid was decanted off, and the
Zn-Cu couple was washed with 28 ml of boilingglacial acetic acid followed by three 30
ml washes of anhydrous ether. The moist Zn-Cucouple was then transferred to a 250 ml
3-neck reaction flask equipped witha condenser, dropping funnel and a stir bar. To the
reaction flask, 75 ml of anhydrous etherwas added along with a drop of diiodomethane.
The solution was stirred and gently warmedto reflux. A solution of 11.5 ml (0.14 mol)
of diiodomethane and 10.8g (0.114 mol) of norbornene was dropped slowly into the
reaction mixture over a period of 1.5 h. Externalheating was discontinued after all the
solution was added. The reaction mixturewas stirred for 40 h and turned a deep purple.
After removal of the Zn-Cu couple by filtration,the ether solution was washed with 50 ml
of ice cold 1 M HC1, followed by 3x 50 ml washings of water.After drying over
MgSO4, there remained an oily, yellow liquid.The product was isolated and purified by
distillation (b.p. 130-132°); about 5g (41% yield) of exo-tricyclo[3.2.1.02'4]octane was
obtained.90
Preparation of t-Butoxyhypoch1orite"
To a solution of 25 g of sodium hydroxide in 140 ml ofwater, was added 23.15 g
(0.3 13 mol) of commercial grade tert-butyl alcohol in 140 ml ofwater in a three-neck 500
ml flask equipped with a mechanical stirrer,a gas inlet and a gas outlet. The flask was
maintained at 10-15 °C by means ofan ice-water bath. Chlorine gas was rapidly passed
through the mixture for a halfan hour then at a slow rate for another half an hour. The
upper golden yellow layer was separated, washed with 3x 45 ml of 10% sodium
carbonate followed by 4 x 35 ml of water, driedoverCaCl2and distilled, yielding 20 ml
of t-butylhypochlorite. The puritywas confirmed by refractive index (1.4011 at 21.5°C).
Photochiorination of exo-tricyclo[3.2.1.02'4]octane
Six solutions were prepared for irradiation, threesolutions with trichioroethene
trap (samples 2A-C) and three without (samples lA-C). All solutions contained 0.40 ml
(0.00334 mol) of exo-tricyclo[3.2.1.02'4]octane in0.8 ml ofCC14and 0.2 ml of t-BuOCl.
To samples 2A-C was added 0.012 ml (0.095 M)of trichioroethene. The solutions were
then placed separately in a 40°± 1 °C oil bath and irradiated with a 275 watt Sylvania
bulb at 10 inches for 30mm.The original yellow color turned clear upon reaction.91
The solutions were analyzedon a HP5890 GCMS equipped with FID detector and
a capillary carbowax column (initial temperature 60 °C, hold 4 mm.,increase to 150 °C at
3 °C/min, hold 10 mm.).Each solution was found to contain five monochiorinated
compounds (m/z 142/144).The untrapped samples (lA-C) yielded monochioride
products in the ratios 2.7413.94 : 74.74 : 8.61 and the trapped solutions (2A-C) yielded
the product ratios of 2.70: 13.47 : 74.529. The monochiorinated products were isolated
with preparative GC, and identified by 'HNMR.
Preparation ofendo,exo-tetracyclo[3.3. 1.O24.O6SJnonaneC
The Simmons-Smith reaction of diiodomethane andendo-tncyclo[3.2.1 .02'4jJoct-6-
ene was employed to prepare endo,exo-tetracyclo[3.3.1.02'4.06'8]nonane.Approximately 3
g of Zn-Cu couple, 3 ml of ether, and a drop of diiodomethanewas placed in a 50 ml 3-
neck round bottom flask fitted witha water-jacketed condenser and a dropping funnel.
Both the dropping funnel and the condenserwere capped withCaC12drying tubes and the
pot heated to reflux. A solution of 2.00g (0.0188 mol) of endo-tricyclo{3.2.1.02'4joct-6-
ene, 3.7 ml (0.034 mol) of diidomethane, and 5 ml of etherwas placed in the dropping
funnel and added dropwiseover a period of one hour.Heat was continued for an
additional 5 mm, then it was turned off andthe solution stirred for another 48 h in the
dark. After filtering off the remaining Zn-Cucouple, the ether solution was washed with
3 x 3 ml with a 0.1 M solution of HC1,then with water until the water layer was no longer92
acidic. The ether layer was then dried withMgSO4and distilled. The reaction yielded
0.3 g (13 % yield) ofendo,exo-tetracyclo[3.3.1.02'4.06'8]-nonane.
Photochiorination ofendo,exo-tetracyclo{3.3.1 .02'4.06'8jnonane
UsingCC!4(0.6 ml) as a solvent, a photolysis solution containingendo,exo-
tetracyclo{3.3.1.02'4.06'8]nonane (0.06g, 0.52 molal), t-butylhypochlonte (51 p1, 0.47
molal), and cyclohexane (78.6M1 0.76 molal), as an internal standard, was made. Six
sealed Pyrex ampoules containing 0.1 ml ofthe photolysis solution were placed in a 40 °C
oil bath and 8 inches away froma 275 Watt Sylvania sunlamp and photolyzed for 2
hours.Monochiorinated productswere identified by GCMS (m/z 155/157) and by
retention time comparison with previous results.93
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APPENDIX I. CALCULATION OF DIHEDRAL ANGLE 0 IN 2-5 AND 7-10.
The dihedral angle from the center of the radicalor cation orbital lobe to the
perpendicular to the bisector of the cyclopropane ring, 0,can be determined from a
combination of several other angles.Dihedral angle 0, as displayed in a Newman
projection looking down the C2-Cl bond of 2-5or 7-10 in Figure Ic, is the dihedral from
the asterix to the perpendicu'ar to the bisector of the cyclopropane ring (the dotted lines),
where the asterix is the center of radicalor cation lobe, or the Cl-Hi bond in the
hydrocarbon. The first step in calculating 0 is determining angle
13Figure Ia. Angle13
can be determined by subtracting angle a from 3600 and dividing the difference by two,
equation A. Dihedral a corresponds to the C7-C2-Cl-C8 in 2-3, C8-C2-Cl-C9 and C2-
C8-C1-C9 in 4-5, C7-C2-Cl-C8 in 7, and C2-C8-Cl-C9 and C8-C2-Ci-C9 in 8-10.
However, the differing polycyclic natures of 2-S and 7-10may cause a radical or cation at
Cl to be slightly off from center (i.e.a line drawn from the asterixed position may not
bisect angle a). Therefore a correction factor K, equation B,was designed to account for
the idiosyncrasies of each ring system. Correction factor K is the differencebetween the
calculated value for angle(3and the actual angle (3for the hydrocarbon (example H1-C2-
Cl-C8 in 2-3). The next step in calculating dihedral angle 0 isdetermination of dihedral
q, Figure lb.Angleis the dihedral between the perpendicular to the bisector of the
cyclopropane ring and the bridge carbon (C8 in 2-3 and 7, and C9 in 4-5 and 8-10), and is
readily determined by equation C.Finally, dihedral angle 0 is the difference between
dihedralsand (3, equation D, Figure Ic.360a
a
+K
K=36O2a_fl11
b
13'
0=90-21+8
C
8=fl-Ø
Figure I. Determination of "twist" dihedral angIe 0.
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(B)
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PHOTOCHLORINATION OF ENDO-TRICYCLO[3.2.1.02'4IOCTANE
Jelena E. Dacres, Peter K. Freeman
Department of Chemistry, Oregon State University, Corvallis, OR 97331ABSTRACT
Thephotochiorinationofendo-tricyclo[3.2.1.024]octanewithtert-butyl
hypochiorite at 40 °C has been undertaken.The previous photochiorination ofendo-
tricyclo[3.2. 1 .02'4joctanereportedthemajorproductasanti-8-chloro-endo-
tricyclo[3.2.1.02'4]octane.However, in this study the major product was identifiedas
exo-6-chloro-endo-tric yclo[3.2.1.02.4]octane.The relativeratesof hydrogen atom
abstraction of the aiu'i-8-hydrogen comparedto the hydrogen on the 7 position of
norbomane has been revised, and the results comparedto various hydrogen abstraction
rates from the literature.ipJ
INTRODUCTION
In 1972, Freeman and coworkers reported the radical photochiorination ofexo-
andendo-tricyclo [3.2.1.O24]octanewithtert-butylhypochiorite.' Fromthe
photochiorinationofendo-tricyclo[3 .2.1.O24]octane(1),Freemanidentifiedfour
monochiorinated products in a 66:27:5:2 ratio, equation 5.1. The 66%component was
hv
6 t-BuOCI
1
66%
2 minor
+ +
components5.1
3
27%
identified as anti-8-chloro-endo-tricyclooctane 2, and the 27% productas rearranged
chiorohydrocarbon 3 (endo-4-chloro-tricyclo[3.3.O.02'8joctane). Freeman suggested that
radical 4, formed from hydrogen abstraction by tert-butoxy radical of the anti-8-hydrogen
in 1, could rearrange to give radical 5, equation 5.2, which inturn reacts to form
chlorohydrocarbon 3. The consequence of sucha scheme would indicate that tert-butoxy
radical abstracted the anti-S-hydrogen from 1 at least 93% of the time. Comparativeto
norbornane, this gives a rate ratio of abstraction of the anti-C8-hydrogen in 1to the C7
t-BuO-
5.2100
hydrogen in norbomane of100 ±181bIn addition, the large amount of anti-C8
hydrogenabstractionfrom1opensthedoorfortheinclusionofpossible
trishomocyclopropenyl radical 6 and trishomocyclopropenyl anchimeric assistancein the
transition state.No exo-6-chloro-endo-tricyclo[3.2.1.02'4]octane 7, Figure 5.1,was
observed. The reinvestigation of the radical photochiorination of 1 is thesubject of this
chapter.
Figure 5.1 trishomocyclopropenyl radical 6 and 6-
chloro-endo-tricyclo[3.2.1 .02'4]octane 7
RESULTS AND DISCUSSION
From the photolysis of a1.5:1 molar ratiosolution of 1to tert-butoxy
hypochlorite, five monochiorinated hydrocarbonswere detected by GCMS (mlz 142/144)
in a ratio of 72:17:7:3:0.8.Although the amount isolated of each monochiorinated
product was too minute for infrared and ultaviolet spectroscopic characterization,each
product component was examined by NMR methodsto the greatest extent possible. The
0.8% and 3% componentswere not isolated with sufficient purity to be identified. The
remainder of the discussion will be confined to the threemajor products.101
The 71% component was of primary interest becauseif this product was
confirmed as 2, then additional studieson possible intermediate 6 could be undertaken.
Therefore,the 71% component was subjectedtovigorous and detailed NMR
spectroscopic studies. A summary of the NMR data for the 71%component is given in
Table 5.1. The 71% componentgave '3CNMR signals at17.4, 20.3, 21.0, 37.3, 40.5,
45.6, 50.7, and 59.5, Figure 5.2. Theproton NMR of the 71% component gave signals at
0.77 (2H, unresolved multiplet), 1.41 (2H, unresolved multiplet),1.68 (1H, doublet of
triplets), 1.81 (1H, doublet of doublet of doublets), 1.98 (1H,doublet of pentets), 2.06
(1H, doublet of triplets), 2.37 (1H, broad singlet), 2.42 (1H,broad singlet), 3.76 (1H,
doublet of quartets).Furthermore, 2D-NMR experiments were used to identify proton-
proton couplings, and proton-carbon pairing.The COSY, the proton-proton 2D
experiment, Figure 5.3, revealed couplings betweenprotons assisting with identification
of signals that were unresolved in the 1D-'HNMR.The polycyclic nature of this
component was evident because in addition to 3-proton and geminal couplings, small
long-distance "w" couplings were observed in the COSYspectrum. The heteronuclear
multiple quantumcoherence2'3(HMQC) 2D-NMR experiment, Figure 5.4, revealed
couplings between carbons and protons thatare alpha to each other, thus connecting
protons to specific carbons. The heteronuclear multiple bondcorrelations2'4(HIVIBC)
2D-NMR experiment, Figure 5.5, showed couplingsbetween protons and the carbons that
are beta or gamma to them. From this experiment the skeletal structure of the 71%
component was pieced together. Combining the data of the various NMR experiments
the 71% component was identifiedas exo-6-chloro-endo-tricyclo[3.2.1.02'4]octane, 7. In
addition, B3LYP/6-3 1g(d)3calculations of the proton and carbon NMR shifts for 7 and 2Table 5.1 Summary of NMR experiments for the 71% product component from the radical photochiorination of I
identified asexo-6-chloro-endo-tricyclo[3.2. 1 .02'4]octane 7.
protonproton J COSY Couplingsa carbonacarbon3 andycarbonsh
2 37 HI
115, 114, 1-17-cso, Cl 37 3 C4
H8-anti, 1-18-sw:
1.39-1.43 H2 HI,113-anti,113-vvi: C2 20.3 Cl, C4, CS, C6
0.76-0.79H3-anti 112,114, C3 17.4 CI, C2, C4, C5
0.76-0.79H3-syn 112,114, ('3 17.4 C1,C2,C4,C5
1.39-1.43 H4 H3-anti,113-sw:, 115 ('4 21.0 Cl, C2, CS,C7
2.42 I-IS
H2, 111,H7-endo, ,
CS 45.6 CI,C4,C7
1-18-anti, H8-sw:
3.76-3.77 H6
Hlendo4l672 Hz; Jiiiexo.116=4.2 Hz; F17-endo, H7-exo, Co 59.5 Cl,C2, C8
JH6-H8syn='7 Hz (w-coupling) 18-s)/i
1.78-1.84H7-endo
J1I7(/,,.IlØ-14.2 Hz; liz; 111,117-exo,116,
C7 405 Cl, ('4, ('5, CS
1IIJndo1lasy,24 liz (w-coupl:ug) 11 S-syn
1.65-1.71H7-exo Jjii.,,iiieo=14.2 Hz; J,,7,116=4.2 Hz; 1-11,H7-endo,116 C7 40.5 Cl, C4, CO
2.05-2.07H8-anti Hz Fit, H5, 118-svn CS 50.7 Cl, C2,C4, CS,
1.96-2.00H8-synJI,8,,11-H8,,=9Hz; J,,5.,,8>=4. 1 Hz; Hi, 115, 1-17-exo, 116,
CS 50.7 C2, C6,('7
Hz(w-coupling); J,36.,,8=1.7 Hz (w-coupling) 118-ant,
afrom HMQC experiment
bfrom HMBC experiment H8-affii/
H8-syn
C8
117-ex(\ H1
1-12 1C2
Cl /1cC6/
H7-ed/
*114
[-16-endo
H5 C3
H1-svn H3-ati
7
t'JiiV
Figure 5.2 '3CNMR for the 71%product component from thephotochiorination ofendo-tricyclo[3.2.1.02'4joctaneFigure 5.3 COSY NMR for the 71% productcomponent from the photochiorination of endo-tricyclo[3.2. I .02'4]octaneO0 4.0 .o 0 1 a
to]
Figure 5.4 HMQC NI4IR forthe 71% product componentfrom the photochiorination ofendo-tricyclo{3 .2.1.02'4]octaneII
Figure 5.5 HMBC NMR for the 71% product component from thephotochi orinati on of endo-tri cycio[3 2. 1. 02'4joctane
C107
were performed and the results compared to the experimental chemical shiftsfor the 71%
component, Tables 5.2a and 5.2b.It is clear that the calculated NMR values for 7are in
excellent agreement with experiment. Specifically,with regards to the deshielding effect
of the chlorine, CS and H5are expected to be further downfield than Ci and Hi, both of
which are observed in both the experimental NIvIRof the 71% component and calculated
delta values for 7. On the other hand,because 2 is symmetric, there are obvious
deficiencies with regards to the calculated NMRvalues for 2 as compared to the
experimental values for the 71% component.That is protons and carbons that are
equivalent in 2 do not correspond to equivalent signalsfrom experiment. In addition, the
calculated NMR values for 2are generally lower than the experimental values for the
71% component with the exception of the C8carbon (74.6) of 2 which is significantly
higher than the highest carbon (59.5) of the 71% component.
Comparing the 400 MHz 'HNMR of the 71% productcomponent from this
current study with the 100 MHz 'HNMR of the 66% productcomponent from the
Freeman and Raghavan study' showedsome surprising similarities especially when taken
in the light of the calculated 'HNMRspectra for 7, Table 5.2c. The delta value ranges
from Freeman's 66% componentencompass the delta values for the current 77% product.
Considering many of the calculated delta valuesfor 7 are less than 0.2apart, it is not
surprising that the 100 MHz 'HNMRwas unable to resolve the individual proton peaks.
It is therefore our conclusion that the 66%product component from the Freeman and
Raghavan study is in fact exo-6-chloro-endo-tricyclo[3.2.1.02'4]octane7 and not anti-8-
chloro-endo-tricyclo[3.2.1 .02'4]octane 2.Tables 52a and 5.2b Actual NMR data for the 71% product component compared to calculated NMRvalues (B3LYP/6-3 1 g(d)zt)
for 7 and 2.
Best Fit for 7 Best Fit for 2
Actual 6 Proton Calculated S Proton Calculated 8
0.78 H3-anti 0.78 J-I3-syn 0.67
0.78 H3-syn 0.73 H3-anii 0.81
1.41 H2 1.35 116-cndo 1.02
1.41 H4 1.37 H7-endo 1.02
1.68 H7-exo 1.71 114 1.18
1.81 H7-endo 1.76 H2 1.18
1.98 H8-syn 2.03 H7-exo 1.90
2.06 H8-anti 2.15 116-exo 1.90
2.37 HI 2.25 HI 2.21
2.42 H5 2.26 H5 2.21
3.77 H6 3.72 H8-syn 3.96
Best Fit for 7 Best Fit for 2
Actual S Carbon Calculated 5 Carbon Calculated S
17.4 C3 18.0 C3 14.0
20.3 C4 22.9 C2 19.9
21.0 C2 23.6 C4 19.9
37.3 Cl 40.0 C6 26.2
40.5 C7 41.4 C7 26.2
45.6 C5 47.8 CI 44.8
50.7 C8 50.8 C5 44.8
59.5 C6 67.3 C8 74.6
aGIAO method
00Table 5.2c. Comparison of the 'HNMRs for exo-6-chloro-tricyclo[3.2.1.02'4]octane (B3LYP/6-31g(d)), the 71% product
component of the photochiorination of 1 in this current study, and the 66% product component reported by Freeman and
Raghavan.
71%productFreeman and Proton Calculated componentRaghavan
H3-anti 0.78 0.78 0.63-0.83
H3-syn 0.73 0.78 0.63-0.83
H2 1.35 1.41 1.33-1.49
H4 1.37 1.41 1.33-1.49
H7-exo 1.71 1.68 1.58-1.81
H7-endo 1.76 1.81 1.58-1.81
H8-syn 2.03 1.98 1.87-2.14
H8-anti 2.15 2.06 1.87-2.14
HI 2.25 2.37 2.4
H5 2.26 2.42 2.4
H6 3.72 3.77 3.72
C110
The 17% component from this current studygave 'HNIMIR signals at ö 1.26 (1H,
quartet of triplets), 1.38 (IH, doublet of doublet of doublets), 1.46 (1H, unresolved
multiplet), 1.53 (1H, unresolved multiplet), 1.75 (1H, complex multiplet), 1.95 (3H,
unresolved multiplet), 2.39 (1H, complex multiplet), 2.63 (1H, quartet), and 4.17(1H,
complex multiplet). Again a COSY experiment was helpful in distinguishing unresolved
signals from the 1D experiment, Figure 5.6.A summary of the NMR experiments
performed on the 17% component is listed in Table 5.3.Although two-dimensional
carbon-proton experiments were not performed to confirm its skeletal structure, the 17%
component was identified as endo-4-chloro-tricyclo[4.3.0.02'8]octane 3. In Freeman and
Raghavan's previous photochiorination of 1, the 27% productcomponent was also
identified as 3. This assignment was strengthened by Freeman's independent synthesis of
3 whose 1HNMR matched that for his 27% product component.' In comparison with this
current study, the coupling constants for the proton assigned as H4 of 3 (which is geminal
with the chlorine) are 9.8 Hz, 8.8 Hz, and 6.1 Hz, which match reasonably wellto that in
the Freeman and Raghavan study of 9.1 Hz, 9.1 Hz, and 6.0 Hz. The magnitude of these
coupling constants supports the endo-chionne orientation.In addition, the B3LYP/6-
31g(d) 'HNMR of 3 matches well with that of the 17% productcomponent, Table 5.4.
The 7% component gives 'HNMR signals at3.48 (1H, quartet), 2.52 (1H, broad
singlet), 2.42 (1H, broad singlet), 2.23 (IH, unresolved multiplet), 1.75 (1H, unresolved
multiplet), 0.98 (1H, unresolved multiplet), 0.85 (1H, unresolved multiplet), andtwo
large unresolved multiplets at 1.21 and 1.43 worth multipleprotons, Figure 5.7.The
small amount of product obtained, and its obvious impurities ruledout the possibility of
additional NMR experiments. Unlike the 71% and the 17% productcomponents where aFigure 5.6 COSY NMR for the 17%product component from the photochiorinationof endo-tricyclo[3.2.1 .O2'4octaneTable 5.3 Summary of NMR experiments for thel7% product component from the radical photochiorination of I identifiedas
endo-4-chloro-tricyclo[3.3.0.02'8loctane 3.
expt.protoncalculated COSY Couplings
1.26 H2 1.14 J112111=6.6 Hz; J}p}13(.(,=6.6 Hz; Jjp=6.6 liz ill, H3-exo, I-17-cxo,H8
1.38H3-endo 1.53 Jf13.,1J}13,=13.3 Hz;J}j3,,j1l=9$ lit 113-exo, 1-14,
1.46H7-endo 1.61 H6-exo, H6-endo, H7-exo
1.53 H8 1.42 Jp45=6.6liz HIH2, U7-exe, 116-endo
1.75H6-exo 1.75 JH5-H6.exo--7.4 Hz H5,H6-endo, H7-endo,H7-exo
1.95 Hi 1.87 H2, H8, H5
1 .95H6-endo 2.02 i17-endo,U6-eto,H7-exo, Ff8,
1.95H7-exo 1 .90 FI6endo, H6exo, 117-endo,1-18
2.39H3-exo 2.20 JH2H3exo=6.6 Hz; JH3-endo-H3-exo'3.3 Hz; J130114=8.8 Hz H2,H3-endo,H4
2.63 H5 2.46 JF14H5=6.l Hz; JflSflóe)=7.4 Hz Hi, H4, H6-exo,
4.17 H4 4.10 JU3-endo-H4=9.8 Hz; J3o4=8.8 Hz; J11315=6.1 Hz; H3-endo,H3-exo, H5
aB3Lyp/6.31g(d) GIAO method ° Although splittingpatterns indicate additional proton couplings, definitive assignment of
those constants could not be made due to other signals that were unresolved.
82
6
CI
3
I-.Table 5.4 Actual NMR data for the 17% product component compared to calculated NMR values (B3LYP/6-31g(d)') for 3.
Best Fit for 3
Actual ProtonCalculated ö
1.26 H2 1.14
1.38 H3-endo 1.53
1.46 J-17-enclo 1 .61
1.53 H8 1.42
1.75 H6-exo 1.75
1.95 HI 1.87
1.95 H6-endo 2.02
1.95 H7-exo 1.90
2.39 H3-exo 2.20
2.63 H5 2.46
4.17 H4 4.10
aGIAO method( TI
Figure 5.7 'HNIVIIR for the 7% product component from the photochiorination of endo-tricyc!of3.2.I.02'4}octafle115
COSY experiment helped establish coupling betweenprotons, in the case of the 7%
product component, structural assignment is solely basedon the 1D-'HNIvIR. Therefore,
it is necessary to consider all the possible products and eliminate theones that do not fit
c1
CI 14
Figure 5.8 Compounds considered for the 7% product
component for the photochiorination of 1.
the data. Figure 5.8 contains the possible products considered. Sinceanti-8-chloro-endo-
tricyclo[3.2.1.02'4]octane 2was ruled out as the major product, it is of considerable
interest to determine whether or not it is the 7% productcomponent. Also considered
fromtheendo-tricyc!o[3.2.1.02'4]octaneringsystemaresyn-8-chloro-endo-
tricyclo[3 .2.1 .02'4joctane 8, syn- and anti-3-chloro-endo-tricyclo[3 .2.1 .02'4]octanes9 and
10,1 -chloro-endo-tricyclo[3 .2.1 .02'4]octane 11, 2-chloro-endo-tncyclo[3.2.1 .02'4lloctane
12, and endo-6-chloro-endo-tricyclo[3.2.1.02'4]-octane 13.It is conceivable that some of
radical 5 (Equation 5.2) may lead to exo-4-chloro-tricyclo[4.3.O.02'8]octane14 instead of
3, so this molecule was also considered. In addition,it is possible that a radical at the C6-116
- = c1 5.3
15
position in endo-tricyclooctane canrearrange to form an exo-tricyclooctane ring, equation
5.3, therefore the product of that rearrangement, exo-6-chloro-exo-tricyclo{3.2.1.O24]
octane 15, was added to the list. With regards to the data, the 11iNM signalat 3.48is
assignable to an a-chloro proton disqualifying chlorine substitutionat the Cl, C2, C4, or
CS positions in the endo-tricyclo{3.2.1.02'4joctane ring frombeing the 7% component. In
addition the presence of two signals in the2.5 region, in which bridgehead protons are
want to appear, precludes the possibility ofa symmetrical compound, i.e.the 7%
component is chlorine substituted at the syn- or anti- positions of C3or C8. The
possibility of rearrangement of a radical at the C6-position in endo-tricyclooctaneto an
exo-tricyclooctane ringisruled out because this rearrangementwas observed if
inadequate care was taken during product isolation (see experimentalsection for details).
The product of this rearrangement, 15,presents a different 'HNMR (COSY in Figure 5.9)
than the 7% product component, and is readily identifiableby NOE between the H3-syn
and H8-syn protons. In addition, the 'HNMRspectra of 15 has been previously reported
by Freeman andRagahavan1and is in excellent agreement with that in this current
experiment. This leaves two compounds, endo-6-chloro-endo-tricyclooctane 13and exo-
4-chloro-tricyclooctane 14 still in the running for the 7% productcomponent.In an
attempt to clarify the identification of the 7% productcomponent, NMR calculations at
the B3LYP/6-31g(d) level have been carriedout and compared with the experimental
1HNMR values of the 7%product component, Tables 5.5a and 5.5b.The averageI
J
I
4.0 3 0 3.0 .0 2.0 .0 0.5
Figure 5.9 COSY NIvIRof
exo6*ch!0rOeXO-triCYC10[3.2.12' ]octane 15
-.1Table 5.5a and 5.5b Actual NMR data for the 7% product component compared to calculated NMR values(B3LYP/631g(d)a)
for 2, 8, 13 and 14 and the 5% product component from Freeman and Raghavan.
Best fit for 2 Best fit for 8
Actual 6 (7% product)Freeman&Raghavan (5% product)ProtonCalculated 6ProtonCalculated 6
0.85 0.84-1.03 H3-anti 0.67 H3-anti 1.02
0.98 1.18 H3-svn 0.81 H3-syn 1.10
1.21 1.18-1.47 H7-endo 1.02 H7-endo 1.13
1.21 1.18-1.47 H6-endo 1.02 H6-endo 1.13
1.43 1.47-1.66 1-14 1.18 117-exo 1.37
1.43 1.66-1.86 H2 1.18 H6-exo 1.37
1.75 1.86-2.20 H7-exo 1.90 H4 1.70
2.23 1.86-2.10 H6-exo 1.90 H2 1.70
2.42 2.18-2.52 HI 2.2 HI 2.16
2.52 2.18-2.52 H5 2.2 H5 2.16
3.48 3.95 1-18-anti 3.96 H8-svn 4.04
Best flt for 13 Best fit for 14
Actual 6 (7% product)Freeman&Raghavan (5% product)I'rotonCalculated 6ProtonCalculated 6
0.85 0.84-1.03 H3-anti 1.03 H6-endo 1.23
0.98 1.18 H7-anti 1.33 H8 1.45
1.21 1.18-1.47 H4 1.39 H7-endo 1.51
1.21 1.18-1.47 H2 1.48 H2 1.55
1.43 1.47-1.66 H8-anti 1.64 H7-exo 1.86
1.43 1.66-1.86 H3-syn 1.81 H6-exo 1.93
1.75 1.86-2.20 H7-exo 1.90 H3-endo 1.93
2.23 1.86-2.10 H8-syn 2.10 H3-exo 2.15
2.42 2.18-2.52 Hi 2.19 Hi 2.32
2.52 2.18-2.52 H5 2.34 H5 2.68
3.48 3.95 H6-exo 4.03 H4 3.89
aGIAO method
00119
difference between the experimental 1JIvIIof the 7% product component and the
calculated 'HNMR for endo-6-chloro-endo-tricyclooctane 13 is 0.25 5 and whilethe
average difference is 0.30 5 for the calculated 'HNMR for exo-4-chloro-tricyclooctane
14. While neither of these is a superb fit, the calculationssupport 13 over 14 as being the
7% product component.In addition, radical substitution in norbornane-like ring
structures often display both exo- and endo- substitutionon the 2-carbon bridges; exo-
substitution is generally much greater than endo-substitution dueto steric effects.6
Therefore,endo-6-chloro-endo-tricyclooctane13isanexpected minor product
considering that exo-6-chloro-endo-tricyclooctane 7 is the major product.It is our
conclusion that the 7% product component from the radical photochiorination of 1 with
tert-butyl hypochiorite is 13.
The most remarkable result of the product characterization is that the major
product is exo-6-chloro-tricyclooctane 7, and not anti-8-chloro-tncyclooctane 2. Indeed,
none of the three major products was identified as 2, although the 17% component 3 is
believed to arise from hydrogen atom abstraction of the anti-8 hydrogenas outlined in
Equation 5.2.From the kinetic analysis, Table 5.6, tert-butoxy radical abstractsa
Table 5.6 Rates of hydrogen atom abstraction by tert-butoxy radical from endo-
tricyclo{3 .2.1 .02'4]octane 1 per hydrogen.
Hydrogen Location kllkcvclohexanekrei (to norbornane)
endo-tricyclo[3.2. 1.02'4}octane
0.95 ± 0.15 1.04 ±0.18 (whole molecule)
C8 hydrogen 1.98 ± 0.3016.26 ± 4.04(vs. H7)
exo-C6 hydrogen 4.10 ± 0.63 1.55 ± 0.26(vs. exo-H2)120
hydrogen atom from endo-tricyclo[3.2.1.02'4]octane 0.95 timesas fast as it abstracts a
hydrogen atom from cyclohexane.Equation 5.2 illustrates how photochiorination
product 3 is believed to arise from hydrogen atom abstraction of theanti-8 hydrogen,
however, it is concievable that abstraction of the syn-8-hydrogen couldalso lead to
radical 5. Therefore, the relative rate of abstraction fora hydrogen atom on C8 of 2.0 ±
0.3 versus cyclohexane on aper hydrogen basis needs to be clarified in terms of syn
versus anti-hydrogen. We can assume, reasonably, that the syn-C8 hydrogen of 1, with
the same bridge angle strainas norbornane, would be abstracted with a relative rate
identical to the 7-position of norbornane, since there isno opportunity for backside
anchimeric assistance. Given that t-butoxy radical abstracts theC7 hydrogen from
norbomane 0.12 times as fastas it abstracts a hydrogen from cyclohexane, the relative
rate of abstraction for a anti-hydrogen atomon C8 in 1 is 1.86 versus cyclohexane on a
per hydrogen basis, and > 15.5 versus the C7 hydrogen in norbomane.Although
abstraction of the exo-C6 hydrogen atom is the major product withtert-butoxy radical,
relative to the C2 position of norborriane therate is only 1.55 ± 0.26.
CONCLUSIONS
The major product in the photochlorination of 1 with tert-butyl hypochiorite is
exo-6-chloro-tricyclooctane 7.Given that the only product that comes from hydrogen
atom abstraction of the anti-8 hydrogen in 1 is rearranged chiorohydrocarbon 3, the
revised rate ratio of abstraction of the anti-C8-hydrogen in1 to the C7 hydrogen in121
norbornane is15.5. Whereas this relative rate increase may stillsuggest the possibility
of trishomocyclopropenium radical 6, the B3LYP/631g* optimizedgeometry of anti-8-
endo-tricyclo{3.2.l.02'4]oct-yl reveals only the slightestamount of leaning of the bridge
carbon (C8) toward the cyclopropane bond, Figure 5.10.The C2-05-C1-C8 dihedral
angle in 1 is122.1° and 120.7° in anti-8-endo-tricyclo[3.2.1.02'4]oct-yl.However,
anchimeric assistance in the transition state is stilla distinct possibility.Table 5.7
compares the current study of the relative reactivities of the anti-8-hydrogen of 1 andthe
one carbon bridge (C7) hydrogen in norbornane in t-butyl hypochlorite photochiorination
at 40° with that of various hydrogens as reported by Walling and Thaleron a per
hydrogen basis using cyclohexaneas thestandard.7First, abstraction of the one carbon
bridge hydrogen from norbomaneissignificantly slower thanabstraction of a
cyclohexane hydrogen despite the fact that bothare secondary hydrogens. This can be
rationalized by the strain required to obtaina preferred planarradicaL8The angle of the
bridge carbon in norbornane (C1-C7-C4) is only 94.4°at the B3LYP/6-31g(d) level, a
long way from the ideal 120°. Indeed, abstraction of H7 fromnorbornane is more than
6.5 times slower than abstraction ofa hydrogen from cyclopentane which is less strained
and more able to adopt a planar geometry. One the other hand,although the bridge
carbon angle for 1 (C1-C8-05) is only 93.5°, abstraction of the anti-8-hydrogen from1 is
twice as fast as abstractionas a hydrogen from cyclopentane.It is clear that some
interaction has occurred that stabilizes removal of the anti-8-hydrogen from 1.Most
reasonable is trishomocyclopropenyl anchimeric assistance fromcyclopropane bond in
the transition state.endo-tncyclo[3 .2.1.02.4] octane 1 endo-8-tncyclo[3.2. 1 .o2'4]oct-yl
Figure 5.10 B3LYP/631g* geometries of endo-tricyclo[3.2.1.024]octane 1 and endo-8-tricyclo[3.2.1.02'4loct-yl
L')123
Table 5.7 Relative reactivities of hydrogens in t-butyl hypochionte
photochiorination on a per hydrogen basis.
compound relative reactivities
25.4
H
4.04
1.86
H/\ 1.40
1.32
H
1.00
H
0.92
0.80
H
tic;i
0.67
0.12124
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EXPERIMENTAL
Preparation ofendo-tricyclo[3.2.1.02'4loctane 1
endo-Tricyclo[3.2.1.02'4]octa-6-enewas prepared using the method of Closs and
Krantz.9A solution of ally! chloride (96 ml, 1.2 mol) and mineral oil (60 ml)was added
dropwise over a period of four hours to a suspension of sodium amide (35g, 0.9 mol) in
100 ml of mineral oil. The reactionwas heated to 85° C and the resulting cyclopropene
(g) was bubbled under a slow stream of argon intoa solution of cyclopentadiene (7 g, 0.1
mol) in 250 ml of pentane kept at 0° C. The potwas heated for an additional half-hour
after the allyl chloride addition was complete. Unreacted sodium amidewas quenched
with the careful addition of 90% methanol. The productwas purified through a series of
gentle distillations including a vacuum spinning band distillation (60mm Hg). 3.17 g of
endo-Tricyclo3 .2.1 .02'4]octa-6-ene was produced (30% yield).The 1FINMR ofendo-
tricyclo{3.2.1.02'4]octa-6-ene inCDC13is shown in Figure 5.11.
Reduction of theolefinic bond inendo-tricyclo[3.2.1.02'4]octa-6-ene was
accomplished through a Paar hydrogenation. endo-Tricyclo[3.2.1.02'4]octa-6-ene (3.17g;7,5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 .5 0.0
Figure 5.11 'HNMR ofendo-tricyclo[3 .2.1 .02'4]oct-6-ene126
0.03 mol), 96 ml of 95% ethanol, and a pinch of Pd/Cwere placed in a pressure flask and
subjected to 32 psi of hydrogen gas in a Paar shaker apparatus.After one hour the
pressure had reduced to and remained steady at 25 psi ofH2.The Pd/C was filtered off.
and the remaining ethanol was diluted with 150 ml of water and extracted with 3x 20 ml
of pentane. After drying withNaSO4,the pentane was distilled off leaving 3 g of 98%
endo-tricyclo[3.2. 1 .02'4loctane. The productwas characterized with proton and COSY
NMR, Figure 5.12.
Photochiorination of endo -tricyclo [3.2.1 .02'4]octane
A solution of endo-tricyclo[3.2.1.02'4joctane (0.50g, 0.0046 mol), tert-butyl
hypochiorite (0.35 ml, 0.0030 mol) and cyclohexane (0.32 ml, 0.0030 mol),as an internal
reference, in CC14 (1.7 ml, 0.0027 kg)was sealed in 0.5 ml ampoules. The ampoules
were placed in a 40° hot oil bath and photolyzed with a 275 Watt Sylvania sunlamp for 2
hours. The solutions were then analyzedon a Varian 3300 gas chromatograph (30 m
Carbowax capillary column, injector 250° C, detector 300° C, column ramped from 45° C
to 225° C at 10° C per minute). Rate of hydrogen atom abstractionwas determined by
analyzing the loss of endo-tricyclooctane 1 and cyclohexane using CC14as the standard.
First, the detector constant (cx)was determined by comparing the GC areas of 1 or
cyclohexane with that of CC14 as shown in Equation 5.4 Next, the concentration of 1 and
cyclohexane after the photochiorinationwas ascertained using the detector constant and
the GC areas of 1 or cyclohexane with that of CCL from the photochiorinatedsolution,I.0
0
2
-J
Vp; 2.0 I.fl In 0'i
Figure 5.12 COSY NMR for endo-tricyclo[3.2. I.02'4}octane128
Equation 5.5.Finally, the relative rate ratio of hydrogen abstraction from 1 to
cyclohexane was determined by the fraction of the natural log of the ratio of initial and
r(areaCCl4)
1 C1 = [flinttiaiXL(area1)mit ial 5.4
5.5 [1} c1
X [(areaCCl4 )jinai
(areal)
final
[fli,titiai 1
In I
k1 r [lI
X(%composition)X(12 5.6
kcyclohXalie[in
[cyclohexane]mu jal #H)
[cyclohexane]final]
ending concentrations of 1 and cyciohexane, accounting for thepercent composition of
each product and the number of equivalent hydrogens, Equation 5.6.
The products were isolated ona HP preparatory gas chromatograph outfitted with
a 20 foot column (13% 1,2,3-tris(2-cyanoethoxy)propane on 70/80 Anakrom A).If the
GC was heated to greater than 1200an additional compound was detected (exo-6-chloro-
exo-tricyclo[3.2.1.02'4]octane 15,see text for description). By comparing the a-chloro
proton region (-3.0-4.0) of the11TVof the product solution with that of the product
solution after it was run through thegas chromatograph, a good temperature (120°) was
found at which the products did notrearrange.The isolated products were then129
characterized by GCMS (HP5890 equipped witha 30 m SE-54 capillary column) and
NMR (Bruker ac300 and am400 MHz).
Photochiorination of norbornane
A solution of norbornane (0.58g, 0.0061 mol), tert-butyl hypochlorite (0.82 ml,
0.0030 mol) and cyclohexane (0.56 ml, 0.0052 mol),as an internal reference, in CCI4 (5
ml, 0.0080 kg) was sealed in 0.5 ml ampoules. The ampouleswere placed in a 400 hot oil
bath and photolyzed with a 275 Watt Sylvania sunlamp for 2 hours. The solutionswere
then analyzed on a Varian 3300 gas chromatograph and analyzedas described above.130
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CHAPTER 6
AROMATIC HALIDE-ELECTRON DONOR EXCIPLEX
FORMED FROM PHOTO-EXCITED ELECTRON DONORS
Jelena E. Dacres, Peter K. Freeman
Department of Chemistry, Oregon State University, Corvallis, OR 97330132
ABSTRACT
The photochemical excitation of polyhalogenated aromatic compoundscan lead
to dehalogenation through an excimer intermediate or, if an electron donor is present,
through an exciplex intermediate. Little research has been doneon achieving an exciplex
intermediate through photoexcitation of the electron donor.This process has been
examined using ortho-dichlorobenzeneas the haloarene, and N,N-dimethylaniline,
phenothiazine, aminopyrazine, and 1 ,4-dimethoxynaphthaleneas the electron donors.
Although only photoexcitation of N.N-dimethylaniline leadto dehalogenation of ortho-
dichlorobenzene, a Stem-Volmer analysis of this reaction indicated thepresence of the
exciplex intermediate.133
INTRODUCTION AND BACKGROUND
Halogenated aromatic compounds, including but not limitedto polychiorinated
biphenyl s(PCB s),polybrominated biphenyls (PBB s),polyhalogenated benzenes,
polychiorinated phenols, polychiorinated dioxins, and polychiorinateddibenzofurans,
have seen use in industry through applications suchas fire retardants, solvents, and
pesticides. Most of these compoundsare extremely toxic (some polychiorinated dioxins
are the most toxic compounds known toman),"2and their intrinsic chemical stability
leads to their persistence in the environment and biomagnificationin the foodchain.3'4
Current methods of waste disposal include burning andburying, but neither of these
methods entirely eliminates the possibility of environmentalexposure.5'6An alternate
method for clean-up of halogenated aromatic compounds,photochemical dehalogenation,
has seen a extensive research from this and otherlaboratories.7'8This method offers
advantages over burying or burning in that the inherentnature of halogenated aromatic
compounds means they absorb light, and sunlight is generally abundantand inexpensive.
Development of an industry-viableprocess for the clean-up of aromatic halides first
demands understanding of theprocess by which photochemical degradation proceeds.
The basic mechanistic pathway for photodehalogenation ofaromatic halides, as
previously examined by this laboratory, is outlined inFigure 6.1.First, the haloarene
(ArX) absorbs a photon of light. This photon excitesan electron in the highest occupied
molecular orbital (HOMO) of the haloarene into its lowest unoccupiedmolecular orbital
(LUMO), and transforms the aromatic halide froma ground state singlet to an excited
state singlet(ArX*l).The excited singlet haloarene may intersystemcross to an excited134
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Figure 6.1 Photodehalogenation of a haloarene through the excimer mechanism
statetriplet(ArX*3)before reacting further.In many polyhalogenated aromatic
compounds the quantum yield for intersystem crossing is close to 1.0. This is due inpart
to increased spin-orbit coupling attributed to the "heavy atom effect".9"°However, the
triplet state is quenched by oxygen at a diffusion controlledrate.11Due to the high rate of
intersystem crossing, the primary path to photodehalogenation for aromatic halides is
through reaction of the triplet state, therefore photodehalogenation of haloarenes requires
the elimination of oxygen either through degassingor other means. When an excited
triplet haloarene interacts with a second ground state haloarenean excimer intermediate
is formed. It is the excimer which leads to dehalogenation. Luminescencespectroscopy,
kinetic studies, and singlet and triplet quenching studies have supported thismechanism.7
Although the excimer intermediate leads to dehalogenation, additional studies
have shown that the presence ofan electron donor leads to enhanced rates for135
photodehalogenation. In the presence ofan electron donor, the triplet haloarene forms an
electron-transfer intennediate complex (an exciplex) consisting of the radical anionof the
aromatic halide and the radical cation of the electron donor.7'A molecular orbital
scheme of this process is given in Figure 6.2.Similar to the case of excimer formation
described above, the aromatic halide first absorbsa quantum of light which excites an
electron in its HOMO into its LUMO. Dependingon the rate of intersystem crossing,
the excited state singlet may convert intoan excited state triplet before reacting further.
The excited state triplet of the aromatic halide then receivesan electron from the electron
donor into its (ground state) HOMO forming the exciplex intermediate. Theexciplex
intermediate then proceeds onto products often through cleavage ofa carbon halide bond
giving an aryl radical and a halogen anion. Comparison of product regiochemistry from
photodehalogenationinthepresenceofanelectrondonorwiththatof
photodehalogenation without an electron donor, and simple chemical reductionsupport
the exciplexmechanism.7
If the ultimate goal of the photodegradation of aromatic halides isto develop a
process which uses light from the sun, then the excimer or exciplex intermediate must be
formed by absorption of light that is between 300 and 800nm in wavelength. However,
some mono and dihalogenated aromatic compounds do not absorb light within the
sunlight range. In these instances, excimeror exciplex formation through the processes
described above is no longer viable. On the other hand, ifan electron donor is able to
absorb a photon in the sunlightrange, then its excited state may be able to transfer an
electron directly into the LUMO of the aromatic halide and forma similar exciplex
intermediate tothat mentioned above (molecular orbital scheme in Figure 6.3).(LUMO) -
hv
(HOMO)2i-
I excitation
ArX ArX*I
intersystem
crossing
Th
D
e'ectron transfer
ArX--- D
exciplex
Figure 6.2 Molecular orbital sketchof the standard exciplex mechanism137
Investigation of the formation ofan exciplex intermediate through the excited electron
donor path is the focus of this chapter.
(LUMO) hv intersystem4\
(HOMO)+1-
crossing
excitation
D D*l D*3
+
ArX
electrontransferii
ArX'--- D
exciplex
Figure 6.3 Molecular orbital representation of exciplex formationfrom a
photo-excited electron donor
DISCUSSION
A more complete mechanism for exciplex formation from photo-excitationof the
electron donor is shown in Figure 6.4.This scheme includes the possible decay routes
such as decay of the excited singlet state of the electron donor backto the ground state
(kSd), and non-product forming degeneration of the exciplex (kb). In theevent of product
formation, this mechanism could be tested througha Stern-Volmer analysis. First, if the138
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Figure 6.4 Exciplex formation througha photo-excited electron
donor
reaction proceeds primarily through the electron transferfrom the excited singlet state of
the electron donor (kex[ArXI>>kisc), then thequantum yield
(*1)for product formation
is given in equation 6.1, whichcan be simplified to equation 6.2 where F is the fraction
of exciplex going to productover product formation plus non-product forming
degeneration [kr/(kr+kb)].Similarly, if kisc>>kex[ArX] and electron transfer proceeds
primarily from the excited triplet state of the electrondonor, then the quantum yield
for product formation is given is equation 6.3.For either singlet or triplet state electron
transfer, a linear double reciprocal plot of 1/1versus the inverse of the starting
concentration of aryl halide (equations 6.4 and 6.5) wouldindicate exciplex formation. If
there is a competition of singlet and tripletstate electron transfer then a double reciprocal
plot would not necessarily be linear, butmay possess linear regions.139
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For the purpose of the study of the exciplex intermediate formed throughphoto-
excitation of the electron donor, ortho-dichlorobenzene, whichabsorbs light X <290 nm,
was selected as the aromatic halide. As an electron donor, N,N-dimethylaniline has been
usedpreviouslyinthephotodecompositionofchlorobenzene,bromobenzene,
dihaloanthracenes, and chlorinated biphenyls.In the case of chlorinated biphenyls,
Bunce andGallacher12used N,N-dimethylaniline as the light absorbing element because
it absorbs light at X = 300-350nm. Therefore, N,N-dimethylaniline was the first electron
donor selected for this study.140
A solution of N,N-dimethylaniline and ortho-dichlorobenzenein acetonitrile was
subjected to photolysis with a 275 Watt Westinghouse sunlamp.Glass phototubes were
used as a filter to guarantee thatno stray light hv <300 nm was present. In addition, half
of the photolysis solutionwas degassed on a high vacuum line to eliminate atmospheric
oxygen. The photolyses produced the dehalogenated product of ortho-dichlorobenzene,
chlorobenzene. Double reciprocal plots of the degassed and non-degassedphotolysis of
N,N-dimethylaniline in the presence of ortho-dichlorobenzeneare shown in Figure 6.5.
The linearity of both plots implies thepresence of the exciplex intermediate. Given that
atmospheric oxygen is known to rapidly quench the excitedtriplet state of most
molecules, the non-degassed solutions presumablyproduce dehalogenated product
through the excited singlet state of N,N-dimethylaniline.The degassed solutions
displayed a higher quantum yield than the non-degassedsolutions, indicating that
reaction in the degassed solutions proceeded primarily through thetriplet state.
Although the above data suggests that N,N-dimethylaniline isable to form an
exciplex intermediate which leads to the dehalogenation ofortho-dichlorobenzene, its
toxicity prevents it from beingan ideal candidate for large scale application in the clean-
up of halogenated aromatic compounds. Additional electron donors which absorb light in
the sunlight range, namely phenothiazine (X= 280-390 nm), aminopyrazine (A = 265-350
nm), and 1,4-dimethoxynaphthalene (X= 230-350 nm), were photolyzed with ortho-
dichlorobenzene in degassed and non-degassed acetonitrilesolutions.Unfortunately,
none of these solutions lead to dehalogenation of ortho-dichlorobenzene.
For a given electron acceptor ina non-photoinitiated electron transfer reaction, the
energy required for electron transfer is directly related to the ionizationenergy of thenon-degassed -(R = 0.993)
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Figure 6.5 Double reciprocal plots of the (a) non-degassed and (b) degassed
photolyses of N,N-dimethylaniline with ortho-dichlorobenzene
141142
electron donor.In the case of a photo-excited electron donor, theenergy required for
electron transfer is reduced by theenergy difference between the ground state and the
excited state (E00).N,N-dimethylaniline has an ionization energy of -69O kJ/mol and
singlet and triplet excitation energies of 362 and 317kJ/mol respectively. Phenothiazine,
on the other hand, has an ionization energy of -65O kJ/mol and singlet and triplet
excitation energies of 323 and 253 kJ/mol respectively. Althoughthe excitation energies
for1,4-dimethoxynaphthalene'3and aminopyrazine are not as well knownas those for
phenothiazine and N,N-dimethylaniline, from the lack ofproduct formation, it is clear
that their excitation energiesare too low to form an exciplex intermediate with ortho-
dichlorobenzene. In short, although the additional bases absorblight within the sunlight
range, they lack sufficient energy to transfer an electron to ortho-dichlorobenzene. Ina
similar study of the pt-iotolysisa series of aromatic amines in the presence of 4-
chiorobiphenyl, Bunce andGallacher12arrived at the same conclusion.Therefore, the
study of an exciplex intermediate formed throughthe photo-excitation of an electron
donor using a sunlamp was abandoned.
ACKNOWLEDGEMENTS
Support from the Oregon State University ResearchCouncil MRF fund, the
NIEHS, and the Tartar Foundation is gratefully acknowledged.EXPERIMENTAL
General procedure for photolysis
Photolysis solutions (1 ml) containing 0.005 M of the electron donor, 0.00IM
dodecane (as an internal standard), and 0.00 1 to 0.005 M ortho-dichlorobenzenewere
placed in glass phototubes (Pyrex glass, 170mm x 15 mm). Each tube was fitted with a
screw top equipped with a nylon adapter bushing containing a Pyrex glass sliding stopper
valve. The degassed samples were subjected to threeto four freeze-pump-thaw cycles
and sealed under vacuum. The tubes were then irradiated fortwo minutes in a 1 ft. by 2
ft. photolysis box equipped witha 275 Watt Westinghouse sunlamp, a cooling fan, and a
merry-go-round rotary mechanism. Quantum yieldswere determined by using the
azoxybenzeneactinometer.'4
Product analysis
The photolysis mixtures were analyzed ona Varian 3300 gas chromatograph (30
m SE-54 capillary column, injector 250° C, detector 300° C, column ramped from 55° C
to 175° C at 20° C per minute, then to 225° C at 25° Cper minute, and held at 225° C for
10 mm.) using helium as a carriergas.The solution components were identified by
comparing retention times with those of commercially obtained authentic samples. The
internal standard (dodecane) was used to determine product yield.144
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CHAPTER 7
SUMMARY147
The ability to predict theoutcome of a chemical reaction is what determines the
usefulness of that reaction. Knowing theamount of energy necessary for a reaction to
take place, or the stability of theproducts, or the mechanism by which reaction takes
places assists in being ableto predict a reaction's result.In this thesis, the various
organic intermediates have beenexamined.In chapter 2, the large stability ofnon-
classical deltacyclyl cationover isodeltacyclyl cation and classical deltacyclyl cation
largely determined the products thatwere seen from solvolysis reactions of the precursor
acetates.Inaddition,the increased stability of non-classicaldeltacyclyl cation
demonstrated the extents to whicha strained ring system could go to accommodate
electronic delocalization.Similarly, in chapter 3, the classification ofsome polycyclic
intermediates as homoaromaticand others as not homoaromatic illustrates thewide
variety of stable structures that organicmolecules can assume. In chapters 4 and 5, the
source of one radical intermediate's stabilityover another was closely examined,
expanding our knowledge of thestabilizing effect of cyclopropane ringson organic
radicals.In chapter 6, the study ofa radical anion-radical cation intermediate complex
revealed that although the exciplexintermediate could be formed under certain
conditions, the conditionsnecessary for its formation were unpractical. The study of all
of these intermediates increasedour understanding of mechanisms in organic chemistry,
and, therefore, increasedour ability to predict chemical reactivity. The continued study
of organic intermediates is vitalto the understanding of organic chemistryas a whole.BIBLIOGRAPHY
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